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ABSTRACT OF THE DISSERTATION
Defining the Role of Elastic Fibers in Tendon Mechanics
by
Jeremy D. Eekhoff
Doctor of Philosophy in Biomedical Engineering
Washington University in St. Louis, 2021
Research Advisor: Spencer Lake, Ph.D.
Tendons serve as a linking component of the musculoskeletal system by transferring forces
between muscle and bone. As such, the structural proteins of the tendon extracellular matrix are
of vital importance for the tissue to function properly and maintain its mechanical integrity.
Collagen is the principal constituent of tendon and makes up its aligned hierarchical organization.
Other structural proteins, such as elastin, are in comparison understudied and not well understood
in relation to tendon function. Elastin, the main component of elastic fibers, has unique mechanical
properties including high extensibility, fatigue resistance, and elasticity; these properties are
important for elastin-rich tissues such as blood vessels and the lungs that experience constant
cyclic loading. In tendon, elastin only makes up 1-2% of the tissue by dry weight, yet prior work
has demonstrated a significant impact of elastin on tendon mechanics despite its low content.
Moreover, this work is motivated clinically by elastinopathic heritable disorders such as WilliamsBeuren syndrome, cutis laxa, and Weill-Marchesani syndrome that cause musculoskeletal
abnormalities, and by elastin degradation resulting from aging which may lead to increased risk of
injury or chronic pain. This work sought to further refine the understanding of how elastic fibers
contribute to tendon mechanics by taking advantage of genetically modified mouse models, which
had not previously been used to investigate elastic fibers in tendon, and also by developing and
implementing innovative techniques to incorporate into more traditional model systems. Two
elastinopathic mouse models were utilized for this research: elastin haploinsufficient mice, which
xvi

have reduced elastin content, and fibulin-5 knockout mice, which have disorganized elastin. Both
of these mouse models had elevated stiffness or modulus at higher strains in comparison to wildtype controls. Analysis of collagen realignment using polarized light imaging during mechanical
testing demonstrated that the elastinopathic tendon had greater changes in alignment, suggesting
that lack of a full elastin network may result in greater collagen engagement and thus a stiffer
tendon. Within these mouse models, there was a generally greater effect of elastin observed in
tendons with an energy-storing function compared to tendons with a more positional role. In
addition, a three-dimensional fiber analysis algorithm was developed to quantify the structural
organization of the elastic fiber network; results showed that there was much greater connectivity
and lower alignment of elastic fibers within the interfascicular matrix compared to elastic fibers in
tendon fascicles, but differences between tendon type and species were limited. Because mouse
tendon does not have the fascicular structure of larger tendon, a comparison of the effect of elastin
degradation on tendon mechanics across tendons both with and without interfascicular matrix was
performed. Within these experiments, elastin degradation had a universal effect on the magnitude
and non-linearity of the elastic response while having a tendon-specific effect on viscoelastic
properties, which corresponded to differences in elastin content between tendons. These data
suggest that the elastic fibers within the interfascicular matrix do little to contribute to purely
tensile mechanics of tendon, although they still are likely important contributors to shear or other
off-axis loading. In summary, this work shows that elastic fibers affect the tensile response of
tendon by regulating collagen reorganization within tendon fascicles during loading. Changes to
elastic behavior caused by full elastin degradation were consistent across species and tendon types,
while energy-storing tendons, that had greater elastin content, also demonstrated altered
viscoelastic properties and were more affected by smaller changes to the elastic fiber network.
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Chapter 1: Introduction
1.1 Motivation and Research Aims
Elastic fibers are a structural constituent of the tendon extracellular matrix and are therefore
necessary for its mechanical integrity. Patients suffering from elastic-fiber related connective
tissue disorders often experience increased joint laxity due to the altered mechanical properties of
tendons and other connective tissues which normally stabilize the joint.1–5 This joint instability
caused by elastic fiber defects causes uneven wear within the joint space, leading to chronic muscle
and joint pain and increasing the risk of musculoskeletal injuries.6–10 Moreover, elastic fibers in
tendon and other tissues degrade over time and experience little, if any, repair.11–16 This age-related
elastic fiber degradation has been linked to loss of fatigue resistance and development of chronic
overuse-induced tendinopathy, a painful condition which is common in older recreational
athletes.17–21 In-depth knowledge of healthy tendon function makes the task to maintain or restore
the tissue more attainable. Therefore, improving the understanding of the role of elastic fibers in
tendon mechanics can lead to improved preventive or treatment strategies for aging individuals
and for patients with elastinopathic disorders that affect the musculoskeletal system.
Despite the clinical significance of elastic fibers in tendon, current understanding of how
elastic fibers impact tendon function is limited. Previous models used to ascertain the role of elastic
fibers in tendon mechanics have been limited to performing mechanical testing of tissue after using
elastase to enzymatically degrade elastin.22–25 This approach is relatively simple to consistently
implement across a wide variety of tissue types, but is also limited in that it only can be used with
harvested tissue. In addition, limitations in accurately imaging and quantifying elastin in tendon
have hindered progress in the field.26,27 Furthermore, prior work has largely neglected differences
1

between distinct tendons, where the role of elastic fibers may be affected by varying functional
requirements between particular tendons.11,17
The aims of the work presented herein are to: (1) quantify how elastin deficiency or
structural abnormality impacts the viscoelastic mechanical properties of functionally distinct
murine tendon using genetically modified elastinopathic models and (2) elucidate differences in
elastic fiber-dependent mechanics in functionally distinct tendons with and without an
interfascicular matrix. This research will advance understanding of the role of elastic fibers in the
mechanics of tendon. Conclusions made from this work will inform strategies to improve the
quality of life of elastinopathic patients and mitigate the detrimental effects of elastic fiber
degradation with aging in tendon.

1.2 Summary of Chapters
Chapter Two first introduces basic tendon structure, function, and composition. Current
knowledge on the development, morphology, and function of elastic fibers within tendon is
reviewed, and clinical manifestations of elastic fiber abnormalities in the musculoskeletal system
are described. This chapter provides the background information and motivations for the research
described in this work.
The third chapter describes the comparison between tendons from elastin haploinsufficient
(Eln+/-) and wild type (Eln+/+) mice. Elastin haploinsufficient mice have a reduction in elastin
protein content, and therefore this model allows determination of how tendon function is affected
by systemic, life-long elastin deficiency. The morphology, composition, and mechanical properties
of the Achilles tendons and supraspinatus tendons from both genotypes are evaluated and
compared. This was the first body of work to evaluate changes in tendon properties in an
elastinopathic mouse model.
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Using a similar approach to the previous chapter, Chapter Four explores the differences in
properties between tendons from fibulin-5 knockout (Fbln5-/-) and wild-type (Fbln5+/+) mice.
Because fibulin-5 is a protein that is essential for proper elastic fiber assembly, elastic fibers in
this mouse model contain disconnected elastin globules instead of the typical long and connected
elastin core. The structure, composition, and mechanics of Achilles tendons and tibialis anterior
tendons from mice of both genotypes were determined. Of note, an improved imaging technique
was utilized to visualize elastic fibers through the entire depth of the tendon. Results presented
here build upon the work in the previous chapter on tendon properties in elastinopathic mouse
models.
Chapter Five presents a novel fiber analysis algorithm that was developed to quantitatively
analyze sparse fiber networks from three-dimensional images. The algorithm was thoroughly
validated by analyzing computer-generated phantom image stacks and comparing the output
metrics from the algorithm to ground truth values. This technique allows for detailed analysis of
the elastic fiber network in tendon with precision and detail previously not possible.
The sixth chapter explores differences in the contribution of elastic fibers across a variety
of tendon types and species. Elastin content measured biochemically and the elastic fiber network
analyzed using the algorithm presented in the previous chapter are compared across tendons.
Furthermore, mechanical testing coupled with elastase testing was used to determine the effect of
elastin degradation on tendon mechanics across a range of tendons.
Lastly, Chapter Seven outlines the major results and conclusions of this body of work.
Then, potential future directions for continuing this line of research are proposed, including the
development of a tissue-specific elastin knockout mouse model and its application across a range
of experimental techniques and injury models.
3

The research presented here provides a significant advancement in the understanding of
how elastic fibers impact tendon mechanics. The limitations of prior work using elastase treatment
were overcome by using genetically modified mouse models, and by including a wide range of
tendons in experiments using elastase. Moreover, adoption of improved imaging techniques along
with the newly-developed fiber analysis algorithm allowed for a more robust understanding of the
three-dimensional fiber network in tendon. Further use of the techniques developed and utilized
here in different model systems will continue to increase comprehension of composition and
structure-based tendon mechanics.
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Chapter 2: Backgrounda
2.1 Tendon Structure and Mechanical Properties
Tendon is a soft connective tissue that connects muscle to bone. When muscles contract
and generate tensile forces, those forces are transmitted through the tendon to the bone to enable
motion of the skeletal system. Because this primary function of tendon is mechanical in nature,
the structural proteins of the extracellular matrix (ECM) are essential for the tendon to maintain
integrity while withstanding the high stresses experienced during use.
The main protein in tendon is type I collagen, which forms the core structure of tendon
(Fig 2.1).1–4 At the molecular scale, two α1 chains and one α2 chain form a triple helix held together
by hydrogen bonding.5,6 Multiple triple helices come together through enzymatically formed
divalent and trivalent cross-links to form fibrils, which have diameters in the range of tens to
hundreds of nanometers.7,8 Moving to larger length scales, collagen fibers are composed of
multiple fibrils. Tenocytes, the resident cells in tendon, are typically located in rows between
fibers.1,2 These cells are spindle shaped and typically aligned with the orientation of the collagen.
Lastly, fascicles are the largest subunit in the tendon structure and are made up of multiple collagen
fibers.4 The area between fascicles, known as the interfascicular matrix (IFM), contains a distinct
proteomic composition and a denser population of cells with rounded structures, as compared to
the spindle shaped cells that reside between fibers.9,10 The collagen bundles at each of these length
scales are strongly aligned with the long axis of the tendon and the direction of physiological

a

Adapted from Hill, J. R., Eekhoff, J. D., Brophy, R. H. & Lake, S. P. Elastic fibers in orthopedics: Form
and function in tendons and ligaments, clinical implications, and future directions. J. Orthop. Res.
jor.24695 (2020) doi:10.1002/jor.24695.
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Figure 2.1. Type I collagen forms aligned bundles at different length scales to make up the multiscale hierarchical
structure of tendon. Diagram not to scale.

loading, yet in the unloaded state are also crimped, following a helical-like pattern along the length
of the tendon.1,11 Furthermore, these bundles of collagen weave together in complex patterns and
can also merge together or split apart to form a complex, interconnected network.1,8,12
The aligned fibrous structure of tendon makes it well designed to resist tensile loading in a
single direction, corresponding to the physiological requirements of the tissue. Thus, the
mechanical properties of the tissue are transversely isotropic; the tensile modulus along the
dominant fiber direction is roughly two orders of magnitude greater than the transverse modulus.13–
15

In addition, tendon is generally weak in shear and in compression. However, there are specific

locations where tendon tissue can experience complex multiaxial loading around bony structures
that act as pulleys or impinge upon the path of the tendon, such as where the Achilles tendon wraps
around the superior calcaneal tuberosity near its insertion or where the supraspinatus tendon in the
rotator cuff is impinged by the coracoacromial arch.16,17 The tissue in these locations adapts to the
multiaxial loading experienced by taking on a more fibrocartilagenous structure and composition,
giving it more resistance to shear and compressive loading.18
Like most other soft connective tissue, the mechanical response of tendon is also both nonlinear and viscoelastic. The nonlinear behavior is primarily attributed to the straightening of
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crimped collagen, where the tendon has little resistance to extension at low strains while the
collagen is crimped, but as the fibers straighten the tissue gradually becomes stiffer until the
collagen is fully engaged.19,20 In addition to crimp straightening, other structural reorganization
mechanisms such as realignment and sliding between collagen bundles at different length scales
also contribute to the nonlinear tensile response of tendon.21,22 Moreover, as a viscoelastic material,
the relationship between stress and strain is dependent on the strain history of the tendon.23,24 This
viscoelasticity has implications for physiological tendon function, including affecting energy
storage during dynamic use and tendon stretching during static loading.25,26
Although type I collagen is the most abundant protein in tendon, it is not the only important
constituent necessary for tendon function.27,28 Other minor collagens are present in low quantities
in tendon, and many regulate the formation and homeostasis of collagen fibrils.29–32 Type III
collagen is present in healthy tendon in low quantities, but is produced in higher quantities during
scar formation in the healing response of tendon.33,34 Additionally, type II collagen along with
proteoglycans are more abundant in multiaxially loaded regions of tendon, consistent with the
fibrocartilagenous nature and stronger compressive resistance in these regions.16,35 Small leucinerich proteoglycans (SLRPs) such as decorin, biglycan, lumican, and fibromodulin interact with
other ECM proteins and are also involved tendon development and homeostasis.36,37 Another
proteoglycan, lubricin, is present in the IFM and lubricates the tissue to reduce friction from interfascicle sliding during loading.38,39 Lastly, elastic fibers are another structural constituent of tendon
that impact its mechanical properties.

2.2 Introduction to Elastic Fibers
Elastic fibers are an essential component of the ECM in extensible connective tissues and
are known for their extreme elasticity and resilience.40,41 Composed of a sheath of fibrillin-based
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microfibrils surrounding a core of cross-linked elastin,41,42 the resilient nature of these fibers
enables vascular structures, dermis, lung, and musculoskeletal tissue to withstand repeated cycles
of stretch and recoil.40,41 Elastic fibers are thought to serve an important role in stabilizing collagen
fibers and distributing complex multiaxial stresses through the collagen architecture.43 The
arrangement of elastic fibers is tissue-specific, reflective of each structure’s unique function.41
Disruptions in the assembly or homeostasis of these fibers can lead to a host of inherited and
acquired diseases, ranging in severity from mild alterations in connective tissue plasticity to
vascular disorders with life-threatening implications.41
Historically, the focus of both clinical management and scientific investigation has
centered on the cardiovascular manifestations of these diseases due to their significant impact on
patient morbidity and mortality.44–47 Current understanding of how elastic fibers impact tendon
function is limited in both scope and depth. The musculoskeletal implications of more subtle elastic
fiber abnormalities, whether due to allelic variants or chronic age-related tissue degeneration, are
also not well understood. The remainder of this background chapter provides an overview of the
role of elastic fibers in the physiology and biomechanics of tendon and summarizes current
knowledge of the orthopaedic manifestations of elastic fiber abnormalities.

2.3 Assembly and Development
The assembly of elastic fibers is a complex process requiring coordination of many
different proteins at successive stages.48 The elastin monomer, tropoelastin, is secreted from cells
and spontaneously coacervates to form aggregates on the cell surface.49 Enzymes from the lysyl
oxidase family are incorporated into the aggregates, where they modify lysine residues to initiate
cross-linking of the tropoelastin molecules.50 The elastin aggregates are eventually transferred and
deposited onto extracellular microfibrils, which are composed mainly of fibrillin-1 and serve as
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the scaffold for the mature elastic fiber.51 Throughout this process, the matricellular proteins
fibulin-4 and fibulin-5 regulate the coacervation, cross-linking, and deposition of elastin.52,53
The precise timeline of elastic fiber assembly in the development of tendons and ligaments
is not well understood, although it seems to occur later in development compared to more elastinrich tissues that are essential for neonatal survival (e.g., blood vessels).54,55 While some studies
have described the assembly of mature elastic fibers in tendon or ligament during late gestation in
cow, horse and rabbit,55–58 others have reported that this does not take place until postnatal
development in mouse, chick, and rabbit.54,59,60 Much of this apparent contradiction may be
attributed to analysis of varying tissues from multiple species, as well as inconsistencies in
experimental technique, leading to a range of sensitivities in the measurement or visualization of
small quantities of elastic fiber components. A more detailed timeline of elastogenesis was
proposed based on observations in the murine ligamentum flavum,61 wherein microfibrils, which
form the scaffold for elastic fibers, are formed during mid to late gestation (E16-P0), but mature
elastic fibers are not assembled until postnatal development (P7-P35). Regardless of when
elastogenesis begins, it is clear that expression of most elastic fiber-related proteins decreases
dramatically after postnatal development, when the tissue reaches maturity.55,61 Thereafter, elastic
fibers experience little to no turnover after assembly, only undergoing homeostatic maintenance
by proteins such as lysyl oxidase-like 1.62,63 This is possible because the lifetime of elastin is
astonishingly long, evidenced by a measured mean carbon residence time of 74 years in human
lung, which is assumed to be similar in other tissues.64 Still, degradation of elastic fibers in tendon
and ligament occurs with aging, and these degraded elastic fibers are not generally replaced by
newly formed fibers.58,65–68
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2.4 Content and Distribution
Excluding the elastin-rich spinal ligaments such as the nuchal ligament and ligamentum
flavum, elastin content in tendon and ligament has been reported to range from as low as 0.25% to
as high as 10% of the tissue’s dry weight, with various reports of intermediate values.69,70 Much
of the variability in elastin content can be attributed to tissue specialization in order to accomplish
specific functional requirements. For example, the equine superficial digital flexor tendon (SDFT)
experiences high-strain cyclic loading as it stores and releases mechanical energy during the gait
cycle, while the common digital extensor tendon (CDET) serves a more static, positional role.71,72
Reflecting these established functional requirements, the elastin content in equine SDFT was
demonstrated to be 75% greater than the elastin content in the CDET from the same animals.68
Similarly, multiple studies have reported greater elastin content in the anterior cruciate ligament
(ACL) compared to other tendons and ligaments about the knee.73–75 In addition to variations
between tendons of different functionality taken from the same species, elastin content can also
vary within a single type of tendon taken from different species. This phenomenon is exemplified
by a 4-fold greater elastin content in human Achilles tendon compared to that in elephant Achilles
tendon.76 While differences in gait patterns, activity levels, and other functional parameters explain
some of the variation in elastin content between species, other characteristics such as lifespan and
tissue size may also be contributing factors.
The largest sub-unit within the hierarchical structure of tendon is the fascicle, which is
composed of bundles of collagen fibers.1 Elastic fibers within fascicles (i.e., fascicular elastic
fibers) are sparsely distributed among collagen fibrils and aligned with the long axis of the tendon
(Fig 2.2).77–79 These elastic fibers generally conform to the crimped pattern of the surrounding
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Figure 2.2. Elastic fibers (outlined with dashed white lines) are visible interspersed among collagen fibrils in (a)
transverse and (b) longitudinal transmission electron micrographs of murine Achilles tendon. The mature elastic fiber
structure containing a fibrillin-based scaffold and a stable elastin core is evident.

collagen, although in some cases they appear to take on a more linear morphology. 80 Less
frequently, short and highly branched elastic fibers have also been observed within fascicles. 81
Fascicular elastic fibers are typically colinear with rows of resident tenocytes and appear to make
up part of the pericellular matrix (Fig 2.3).78,80 Consequently, it has been postulated that the
fibrillins which make up the elastic fiber scaffold may bind to cells and serve as a mechanosensor
for the tissue.82–84 In addition to elastic fibers, oxytalan fibers (i.e., bundles of fibrillin-based
microfibrils without elastin) are also found in fascicles parallel to the long axis of tendon and
ligament.78,85,86 Due to the similar distribution and composition of oxytalan fibers and elastic
fibers, there is likely overlap in their respective functions in mature tissue.
Fascicles are separated by the interfascicular matrix (IFM). Unlike the sparsely distributed
and strongly aligned fascicular elastic fibers, interfascicular elastic fibers form a more dense,
mesh-like fiber network that appears to connect adjacent fascicles (Fig 2.3).10,68,78 On a larger
scale, mesh-like elastic fiber morphology has also been observed between the two bundles of the
canine ACL and could perhaps be present in other multi-bundle ligaments or tendons.85 Cells
residing within the IFM demonstrate a more rounded morphology and are more densely packed
13

Figure 2.3. (a) Elastic fibers, fluorescently stained with sulforhodamine B, appear to conform to the collagen crimp
pattern and associate with cells in rabbit AT. Adapted from Pang et. al.80 (b) Elastic fibers in transversely sectioned
bovine deep digital flexor tendons imaged using immunohistochemistry. Fascicular elastic fibers, running
perpendicular to the imaging plane, appear as punctate specks (white arrow) while more diffuse staining is evident in
the IFM (yellow arrow). Adapted from Grant et. al.78 (c) Elastic fibers imaged using two-photon excited
autofluorescence appear to be straighter than the crimped collagen in porcine superficial digital flexor tendon. (d) A
denser mesh-like network of elastic fibers is visible in the IFM of a transverse section of porcine long digital extensor
tendon.

than within fascicles. Structural observations of co-localization between cells and the surrounding
elastic fibers further reinforces the hypothesis that they may be an important part of the pericellular
niche.10 Moreover, the elastin-rich IFM may serve a protective role for small blood vessels and
nerve fibers which run along the length of the tissue.1
In addition to their relatively high density in the IFM, elastic fibers are also abundant in
the peritenon, a sheath of tissue that surrounds each tendon,77,86,87 as well as the vincular
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membrane, which anchors some tendons to surrounding structures.86 Along with variations in
elastin content in tendon-supporting structures, the distribution of elastic fibers may vary even
within specific regions of each tendon or ligament. Descriptions of elastic fibers in the enthesis, or
tendon-to-bone insertion, are mixed and run the gamut from fewer, to similar, to greater amounts
of elastic fibers compared to the tendon midsubstance.73,86,87 In fibrocartilagenous regions where
the tissue experiences compressive forces due to impingement or wrapping around bony structures,
elastic fibers are less organized and present in smaller quantities.88
Generally, the size of the various sub-units of tendons and ligaments (i.e., fibril, fiber, and
fascicle) do not scale with the size of the tissue; rather, the quantity of the subunits changes to
allow for differences in cross-sectional area. Within larger tendons, the cross-section of individual
fascicles is on the order of 0.1-10 mm2. This size is similar to the cross-sectional area of whole
tendons from smaller animals (e.g., rodents). Upon close inspection of the structure of mouse and
rat tendon, it is apparent that these tendons do not contain the same structure as tendons from
humans and other larger species, but instead are structurally similar to a single fascicle, supporting
the principle of non-scaling with regard to fascicle size.89 This observation is important when
investigating elastic fibers because the presence or lack of an elastic fiber-rich IFM may affect
how perturbations in elastic fibers influence gross tissue properties. While murine and other small
tendons are a convenient and simple model to gain insight into the roles of fascicular elastic fibers,
larger models are necessary to fully recapitulate the more complex dual-zoned elastic fiber network
present in human tendon and ligament.

2.5 Mechanotransduction and Cell Signaling
While there is little information about the impact of elastic fibers on mechanotransduction
or cell signaling in tendon or ligament specifically, insights from other tissue will be succinctly
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presented here because of its relevance for orthopaedic tissue. Fibrillin-1, the main protein of the
microfibrils making up the elastic fiber scaffold, contains an exposed RGD motif which is
available for integrin binding on cell surfaces.90,91 It has been proposed that strain-induced
conformational changes to fibrillin-1 could alter the availability of the RGD motif and
consequently decrease integrin binding, thereby eliciting a cellular mechanoresponse.82,83,92 The
close proximity between cells and elastic fibers in tendon supports the hypothesis that fibrillin-1
microfibrils may relay mechanical signals to cells in the ECM.78,80
In addition to playing a role in integrin-mediated mechanotransduction, the fragmentation
of elastin through mechanical damage or enzymatic activity may induce a cellular response by the
binding of released elastin peptides to elastin receptor complexes.93,94 Elastin peptides have been
demonstrated to induce biological effects such as chemotaxis and protease synthesis on a number
of cell types, including fibroblasts.93,95 While elastin-peptide signaling is known to impact
pathologies in the lungs and vasculature, its importance in tendon or ligament is unknown.96,97

2.6 Contribution to Mechanical Properties
Elastic fibers are a significant contributor to the mechanical properties of tendon and
ligament. This important role has been established largely through studies utilizing elastase, a
proteolytic enzyme which digests elastic fibers. In this experimental scheme, the mechanical
contribution of elastin can be elucidated by comparing the mechanical response of tissue before
and after elastin degradation. Early work demonstrated a decrease in elastic modulus and increase
in hysteresis (i.e., energy loss upon unloading) of human palmaris tendon after elastase treatment.98
Other studies did not observe any changes in hysteresis when examining canine ACL, porcine
medial collateral ligament (MCL), or rat tail tendon after elastase treatment.99–101 With regard to
failure properties, only rat tail tendon has demonstrated decreased failure stress and strain after
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elastase treatment. However, the elastase incubation time in this experiment was 3-4 times longer
than used for most others, which may have amplified potential off-target effects of the potent
protease, thus confounding the results.101 In addition to characterizing the tensile properties of
tendon and ligament, elastase treatment has been used to examine the role of elastic fibers in shear
and transverse tension. For example, human supraspinatus tendon demonstrated decreased stresses
in shear loading following elastin degradation,102 and elastase treatment decreased the failure load
and fatigue resistance of IFM from equine SDFT loaded in shear.103 Similarly, elastase incubation
decreased the mechanical response of porcine MCL in both shear and transverse tension. A greater
effect of elastase treatment was observed in these loading configurations compared to tension
along the long axis, indicating that elastic fibers may link adjacent collagen bundles together to
minimize excessive shearing and prevent the bundles from separating with off-axis loading.100,102
While elastase treatment studies have served a valuable role in establishing the importance
of elastic fibers for the mechanical properties of tendon and ligament, this approach does have
some limitations. First, the proteolytic activity of elastase is not specific to elastin; it can also
cleave glycosaminoglycans (GAGs) and minor collagens.101,104 This may only be a minor
limitation since these constituents typically do not play a notable role in the tensile mechanics of
tendon and ligament.105–107 Second, inconsistent treatment protocols and incomplete elastase
penetration into differently sized samples makes comparison between studies difficult. Third,
current studies have not attempted to distinguish the role of fascicular and interfascicular elastic
fibers. This distinction may explain differences in the response between elastase treated human
palmaris tendon (which contains both interfascicular and fascicular elastic fibers) and rat tail
tendon (which contains only fascicular elastic fibers) reported by Millesi and colleagues.98 Further
exploration is necessary in this area.
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Due to the differences in the function and elastin content of equine SDFT and CDET,
several studies have focused on comparing the properties of these two tendons. Of note, greater
fatigue resistance and a lower elastic modulus was seen in the SDFT, which may be due to higher
elastin content.68,108 Although not directly linked to elastin, findings from these studies indicate
that mechanical differences between these functionally distinct tendons may also be influenced by
variations in the elastin-rich interfascicular matrix.109,110 These results support the notion that
regional specialization between tendon types in response to different loading environments is tied
not only to the quantity of elastic fibers, but also their distribution within the tissue.60
While these studies demonstrate the significant role that elastic fibers play in the
mechanical responses of tendon and ligament, the mechanisms by which elastic fibers carry out
these functions are not yet understood. Due to the relatively low quantity of elastic fibers in these
tissues, it is unlikely that elastic fibers are direct load-bearing structures. Instead, they may act by
regulating strain-induced collagen uncrimping and reorganization. For example, an increase in the
crimp wavelength of rat tail tendon has been reported following elastase treatment, suggesting that
elastic fibers may influence the process of extinguishing collagen crimp patterns with low-strain
loading, a phenomenon which is important for tendon extensibility at low mechanical stresses.101
Additional tissue reorganization, including collagen fiber sliding and rotation, may also be affected
by elastic fibers. On a larger scale, structural observations suggest that interfascicular elastic fibers
may link adjacent fascicles and prohibit interfascicular sliding. If left uninhibited, this process
could decrease tissue stiffness and therefore cause joint hyperextensibility and increase the risk of
dislocation.68,78 Continued work is necessary to fully define how interactions between elastic fibers
and the collagen ultrastructure influence tendon and ligament mechanics.
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2.7 Elastic Fiber Genetic Disorders
Disruptions in the assembly or homeostasis of elastic fibers can lead to a host of inherited
and acquired diseases, ranging in severity from mild alterations in connective tissue plasticity to
vascular disorders with life-threatening implications.41 Among these, the most common
conditions are Williams-Beuren Syndrome,41,44,111,112 cutis laxa,41,113 Marfan Syndrome,41,114–117
and Weill-Marchesani Syndrome.41,118,119 Elastic fiber abnormalities are also seen in
hypermobility disorders associated with mutations in genes related to collagen structure or
assembly. Tissue biopsies from patients with Ehlers-Danlos syndrome, benign joint
hypermobility syndrome, and osteogenesis imperfecta demonstrate fraying, fragmentation,
calcification, and disorganization of elastic fibers.120–122
These diverse, complex disorders involve an array of genetic abnormalities that affect the
structure and function of elastic fibers in a variety of ways, creating a broad spectrum of clinical
manifestations. Historically, the focus of both clinical management and research has centered on
cardiovascular manifestations due to their significant effects on patient survival and overall
health.44–47 However, as the understanding of these disorders has expanded, enhanced management
has allowed these patients to live longer and more active lives. Additionally, improved diagnostics
have identified milder cases that previously would have gone undetected.123 Despite variations in
the clinical spectrum, a common complaint amongst patients with elastic fiber disorders is
abnormal joint function, which highlights the integral role that elastic fibers play in the
biomechanical properties of periarticular connective tissue structures such as tendons and
ligaments. However, the link between elastic fiber abnormalities at the cellular level and the
musculoskeletal manifestations in the clinical setting is poorly understood.
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2.8 Implications for Musculoskeletal Function and Disease
Joint laxity can be a significant source of pain and disability in patients with
hypermobility disorders, where blunted proprioceptive perception can also lead to increased risk
of injury.46,124–127 Once injured, these patients also are also at increased risk of re-injury.128
Chronic instability and altered joint biomechanics can lead to abnormal wear patterns and
increased stress on articular cartilage, predisposing these patients to development of premature
osteoarthritic changes in multiple joints.129–137 Injuries may involve the upper and lower
extremities alike, and can occur along a spectrum ranging from mild recurrent sprains and
repetitive low-grade subluxations to frank dislocation events and ligament ruptures. In the lower
extremity, these patients may experience medial forefoot collapse, ankle sprains, and ACL
ruptures. Upper extremity manifestations may include carpal abnormalities such as increased
scaphoid rotation, negative ulnar variance, and increased lunotriquetral motion. Shoulder
pathology is also common, presenting as subluxation, dislocation, or multidirectional instability.
Patients with multiple dislocations or evidence of instability in multiple joints should undergo
further workup for a connective tissue disorder.129
Contractures may also develop in patients with elastic fiber disorders.45,47,112 Large joints
are typically affected, but involvement of the small joints of the hand have been described as
well.45 Contractures often develop during childhood; some may remain stable while others can
worsen in severity with age.45,112 Although the impact can be mild for some patients, others
struggle with gait abnormalities, general coordination, and simple daily activities such as
dressing and feeding. These limitations, along with cosmetic concerns, can have a significant
psychosocial impact.45

20

In tissues where new elastic fiber generation has been evaluated, production tapers
sharply in early development and minimal, if any, replenishment occurs thereafter.64,138 The
combination of low turnover rates and the limited machinery available for repair leaves elastic
fibers vulnerable to damage and degradation from the biomechanical stresses and resultant
inflammation that occurs over an individual’s lifespan.139 While the pathogenesis of
tendinopathy is multifactorial and has not been fully elucidated, the static state of elastic fibers
and their time-dependent degradation could be a contributor to age-related degeneration of
tendons. Studies in connective tissues have confirmed that the quantity of functional elastic
fibers significantly decreases with age.65,67 The remaining elastic fibers in aging tendons may
demonstrate involution or changes in structure, which inhibits their ability to provide the
appropriate recoil and fatigue resistance required for physiologic tendon function.64,67,68,138,140–142
Further, elastic fiber content is known to be decreased in cases of chronic tendinopathy, and
elastin may be entirely absent from tendons with severe degenerative tendinopathy.143

2.9 Conclusions
Elastic fibers are an essential component of tendon, and disruptions in the assembly or
homeostasis of these fibers can lead to a variety of clinical conditions. The orthopaedic
manifestations of elastic fiber abnormalities are wide-ranging, and include hypermobility, joint
instability, joint contractures, and tendon degeneration. To date, these clinical presentations have
received only cursory attention, and our understanding of the underlying pathophysiologic
mechanisms is inadequate. Recent advances have begun to uncover the effects of elastic fiber
deficiency on the biomechanics of tendons and ligaments,70,102 yet much remains to be
discovered. Further research should focus on elucidating these molecular underpinnings as well
as identifying population-based genetic variations in elastic fibers. Such information will
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improve our understanding of how elastic fiber pathology impacts orthopaedic clinical
conditions. Ultimately, this may improve clinical management by guiding preventive care,
surgical techniques, and novel targeted therapeutic interventions.
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Chapter 3: Functionally Distinct Tendons
from Elastin Haploinsufficient Mice Exhibit
Mild
Stiffening
and
Tendon-Specific
Structural Alterationa
3.1 Introduction
Tendon exhibits a highly hierarchical structure, being composed of collagen bundles of
increasing size from fibrils to fibers to fascicles to whole tendon.1,2 These bundles are generally
aligned with the long axis of the tendon, yet can form local substructures such as helices and
braids.1,3 The complex hierarchical structure of tendons allows for transmission of forces across
multiple length scales, which is evidenced by fiber sliding and reorientation upon application of a
mechanical load.4,5 This characteristic reorganization, along with fiber uncrimping, is thought to
dominate the low strain response of tendon before the fibers fully engage.6–8
Many studies have focused on the role of collagen in tendon mechanics due to its primacy
in tendon structure and composition, yet recent studies have also begun to investigate how noncollagenous components affect tendon function.9 One potential contributor to tendon mechanics is
elastic fibers, which are composed of a core of elastin surrounded by a scaffold of fibrillin-based
microfibrils.10,11 Elastic fibers are formed primarily during development and remain intact
throughout the majority of the lifetime of the organism;12 yet still, elastic fiber degradation is
common in advanced age and may contribute to decreased fatigue resistance in tendon.13,14
Furthermore, a number of human genetic diseases including cutis laxa, Marfan syndrome, and

a

Adapted from 1. Eekhoff, J. D. et al. Functionally Distinct Tendons from Elastin Haploinsufficient Mice
Exhibit Mild Stiffening and Tendon-Specific Structural Alteration. J. Biomech. Eng. 139, 111003 (2017).

31

Weill-Marchesani syndrome are associated with abnormal elastic fiber formation and atypical joint
laxity.10,15,16 In addition, a relationship between chronic tendinopathy and loss of elastic fibers has
been reported in tendon.17,18 Lastly, elastin and fibrillin-1 are upregulated in torn tendons,
suggesting that elastic fibers may be involved in the healing process.19
Elastic fibers can endow unique mechanical properties to tissues. Isolated elastin is highly
extensible, elastic, and resilient, and therefore is capable of withstanding up to 100% strain without
permanent deformation or large energy loss upon unloading.20,21 Consequently, elastic fibers are
abundant in tissue where elasticity and resiliency are required, such as arterial vasculature, skin,
and the lungs. However, elastic fibers account for only 1-2% of the dry weight of tendon,1 where
they have been shown to be located along rows of tenocytes within fascicles and more broadly
between fascicles in the interfascicular matrix (IFM).22,23 Despite this small proportion of elastic
fibers, recent studies have suggested that the fibers significantly influence the mechanics of
tendons and ligaments in tension and shear,24–27 conceivably by maintaining collagen crimp and
facilitating sliding between fascicles.
The aforementioned studies investigating elastic fibers in connective tissue have used
elastase to selectively digest elastin. However, elastase treatment may have off-target effects that
could confound the results of those experiments. Alternatively, while elastin knockout mice
(Eln-/-) die perinatally from obstructive arterial disease,28 elastin haploinsufficient mice (Eln+/-)
exhibit ~50% of normal elastin expression, possess altered arterial morphology and mechanical
properties, yet still maintain normal gross appearance and activity.29–31 This study utilized elastin
haploinsufficient mice as a unique tool to quantify the effects of decreased elastin on the mechanics
of the supraspinatus tendon (SST) and Achilles tendon (AT).
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Coordinated evaluation of these functionally distinct tendons is critical because it has been
shown that there are differences in elastic fiber content and corresponding mechanical properties
between the positional common digital extensor tendon (CDET) and the energy-storing superficial
digital flexor tendon (SDFT) in horses, suggesting that the role of elastic fibers in tendon
mechanics is likely more prominent in energy-storing tendons.14,32,33 In mice, the SST experiences
multiaxial loading in vivo and is one of four tendons in the rotator cuff which maintain positioning
of the shoulder joint, while the AT experiences larger strains in vivo and stores and releases energy
to reduce the energy cost of locomotion, similar to the equine SDFT.34 Therefore, we hypothesized
that the elastin deficient tendons would have impaired low strain response in tension, and that the
effect of elastin deficiency would be greater in the energy-storing AT than in the positional SST.

3.2 Methods
Sample preparation
Male Eln+/+ (WT) and Eln+/- (HET) mice between three and four months of age were
euthanized by CO2 asphyxiation and frozen at -20° C until use. On the day of dissection, mice
were thawed at 4° C for approximately 6 hours. Left and right humeral head-SST and calcaneusAT complexes were removed from each mouse using a stereo microscope (Olympus, SZ2-ILST,
Tokyo, Japan) to aid in visualization to ensure proper removal of muscle and other surrounding
tissues. After dissection, the samples were stored at 4° C in phosphate buffered saline (PBS) soaked
gauze for no longer than 15 hours before use. All animal procedures were approved by the
Institutional Animal Care and Use Committee.
Biochemical analysis
Elastin, collagen, and total protein levels were determined using amino acid based
biochemical assays (n = 6 per group). Tendons were hydrolyzed with 6 N HCl at 110°C for 48
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hours. A competitive enzyme-linked immunosorbent assay (ELISA) was performed to determine
elastin content using an antibody raised against desmosine.35 Briefly, an ELISA plate coated with
a desmosine-ovalbumin conjugate (Elastin Products Company, DOC375, Owensville, MO) was
blocked before adding the sample and desmosine antibody (provided by Barry Starcher, University
of Texas Health Science Center). Peroxidase labeled anti-rabbit IgG (KPL, 074-1506, Milford,
MA) was used as the secondary antibody. Absorbance at 650 nm was measured 20 minutes after
the addition of a peroxidase substrate (KPL, 5120-0081, Milford, MA). The elastin content was
determined by comparing the absorbance to a standard curve generated using hydrolyzed elastin
(Elastin Products Company, E60, Owensville, MO). Hydroxyproline levels were determined with
a Chloramine T assay, using a hydroxyproline standard (Sigma-Aldrich, H54409, St. Louis, MO)
and measuring absorbance at 550 nm.36 Collagen levels were calculated assuming collagen is
composed of 13.5% hydroxyproline by mass.37 Both elastin and collagen content were normalized
by total protein, which was determined with a ninhydrin assay using an amino acid calibrator
(Pickering Labs, 012506C, Mountain View, CA) and absorbance measured at 575 nm.38
Two-photon microscopy
Elastin distribution in tendons was visualized using fluorescent imaging with
sulforhodamine B (SRB), which has been shown to fluorescently stain elastic fibers with higher
intensity than collagen fibers.25,39 Intact SSTs and ATs (n=6 for each genotype) were incubated in
0.5 mg/ml SRB solution for 1 min and in 1 µg/ml DAPI solution for 5 min to stain nuclei. The Mai
Tai broadband infrared multiphoton laser of a multiphoton confocal microscope system (Zeiss,
LSM 880, Oberkochen, Germany) was set to 800 nm excitation, and signals from elastic fibers
and nuclei were collected at 565–600 nm and 450–490 nm, respectively. Digital images were
obtained in the midsubstance of the tendons for qualitative analysis.
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Transmission electron microscopy
In addition to the SRB stained images, transmission electron microscopy (TEM)
micrographs were obtained to examine the elastic fibers and collagen structure on the nanoscale.
Samples of intact tendon (n=3–4 per group) were aldehyde fixed and embedded in araldite resin.
Ultrathin transverse sections were cut from the midsubstance of the tendon and stained with 1%
uranyl acetate and Reynold’s lead citrate. Multiple images were acquired throughout the sections
using a TEM (JEOL, JEM-1400, Tokyo, Japan) at 25000X magnification. Subsequently, the
images were analyzed using ImageJ software to quantify individual collagen fibril diameters
(minor diameter of best fit ellipse) and collagen area fraction.40 The number of images analyzed
was such that a minimum of 1000 total fibrils were analyzed for each sample.
Biomechanical testing
The humeral head-SST (WT n=13; HET n=10) and calcaneus-AT (WT n=8; HET n=11)
complexes were scanned using a laser scanning device (Keyence, LJ-V7080, Osaka, Japan) and a
custom Matlab code was used to calculate the average cross sectional area (CSA) of the tendon
midsubstance. The samples were then clamped in a custom aluminum fixture with the free end of
the tendon secured between two pieces of sandpaper. Two lines were applied perpendicular to the
long axis of the tendon using Verhoeff’s stain to optically track strain and define a region of interest
for collagen alignment analysis (described below). The fixture was secured to actuators of a linear
mechanical testing machine (TestResources, 574LE2, Shakopee, MN) with the tendon submerged
in a PBS bath to maintain hydration. After applying a 0.1 N preload to remove any slack present
in the tendon, the distance between the clamps was measured and recorded as the initial gauge
length. The sample was subjected to preconditioning, stress relaxation, and ramp to failure.
Specific details of the test protocol were: 10 cycles between 0% and 3% strain at 0.5 Hz, hold at
35

0% strain for 60 s, ramp to 5% strain at 15%/s and hold for 300 s, return to 0% strain and hold for
60 s, and lastly ramp at 1%/s until failure.
Actuator position and linear force were measured at a rate of approximately 10 Hz
throughout the duration of the test, and stress was designated as the force divided by initial CSA.
Peak stress, equilibrium stress, and percent relaxation were calculated from stress relaxation data.
The time required to reach 50% of the total relaxation was determined and recorded as the
relaxation time. Bilinear curve fitting using the least squares method was used to determine toe
and linear region properties from the force-displacement and stress-strain curves of the ramp to
failure, and the transition point was recorded at the intersection of the two best fit lines. Only the
linear modulus was determined from samples which did not have a clear toe region of the stressstrain curve. Failure data were not reported because the mode of failure was not consistent across
all samples.
Quantitative polarized light imaging and strain tracking
A quantitative polarized light imaging (QPLI) system was used to capture video of the
mechanical test. The system consisted of an LED fiber optic light, a linear polarizing film and
quarter wave retarder film, a 65 mm macro lens, and a division-of-focal-plane (DoFP) polarization
camera.41 Taking advantage of the natural birefringence of collagen, the QPLI system allowed the
determination of the degree of linear polarization (DoLP) and the angle of polarization (AoP) of
the light transmitted through the tendon in real time, which represent the overall strength and
direction of collagen alignment, respectively.42,43
Recorded video was analyzed using a custom Matlab code. Briefly, for each frame being
analyzed a region of interest (ROI) within the tendon between the two Verhoeff’s stain lines was
located by binarizing the raw intensity image using intensity thresholds. The average (AVG) DoLP
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and the standard deviation (STD) of the AoP within the ROI were calculated as described
previously (Fig. 3.1).42,44,45 Larger AVG DoLP values indicate more strongly aligned collagen
fibers, while larger STD AoP values indicate less uniformly oriented fibers. Furthermore, the
corners of the ROI were tracked throughout the ramp to failure and were used to determine the
two-dimensional Lagrangian strain based on the least-squares solution of the deformation tensor
and displacement vector.4
Figure 3.1. Images of a representative SST
and AT prior to ramp to failure taken using
the QPLI system. The bone is fixed on the
left, and the free end of the tendon is
clamped on the right. Stain lines, outlined
with dotted lines, mark the boundaries of the
ROI for analysis of DoLP and AoP. Data are
analyzed as groups of pixels, where the
AVG DoLP and STD AoP represent the
strength of alignment and uniformity of
orientation, respectively.

Data Analysis
Two-way ANOVAs were performed to determine the effects of genotype, tendon type, and
their interaction on tendon composition, CSA, and mechanical properties. From the TEM images,
the diameters of the first 1000 measured collagen fibrils from each sample were pooled together
by group. Visual assessment of histograms of these data showed that collagen fibril diameter
distributions were non-normal, so the Mann-Whitney test was used to determine differences in
mean rank between genotypes. Comparisons of area fractions between genotypes were performed
using unpaired two tailed t-tests.
Because QPLI data is dependent on tissue thickness (which varied by tendon type),
comparisons were not made between tendons; analyses of AVG DoLP and STD AoP were carried
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out separately for SSTs and ATs. Repeated-measures two-way ANOVAs were performed on QPLI
data to determine the effect of genotype, time, and their interaction during stress relaxation, and to
determine the effect of genotype, applied strain, and their interaction during ramp to failure. Where
the sphericity assumption was not met (as determined by Mauchly’s test), the Greenhouse-Geisser
correction was applied to adjust the resultant p-values. As standard post-hoc tests do not account
for deviations from sphericity, multiple comparisons were not made on these data.46
Statistical analyses were performed using SAS Studio 3.6 and plots were created using
GraphPad Prism 7.03. In all cases, p-values less than 0.05 were considered significant and p-values
between 0.05 and 0.10 were considered trending towards significance. Data are presented as mean
± standard deviation. Percent differences between genotypes or tendon types are reported as the
difference between the least squares mean of the respective groups.

3.3 Results
Composition and structure
There were no significant interactions between genotype and tendon type for CSA, elastin
content, or collagen content. Tendon CSA was 48% larger in ATs than SSTs (p<0.001) and was
not affected by genotype (Fig. 3.2(a)). Elastin content was decreased in HET tendons by
approximately 38% in SSTs and ATs (p<0.001), and elastin quantity was not different between
the two tendons (Fig. 3.2(b)). Average collagen content ranged between 63-84% and was not
affected by genotype, but was 23% lower in ATs compared to SSTs (p<0.001) (Fig. 3.2(c)).
Two-photon microscopy images showed an organized collagen network with tenocytes
arranged in rows parallel to the collagen fibers for both tendons and genotypes (Fig. 3.3). In ATs,
SRB stained elastic fibers generally conformed to the collagen crimp pattern and were often
localized around tenocytes. Very few elastic fibers were visible in SST images. There were no
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obvious qualitative differences in the number or distribution of SRB stained elastic fibers between
genotypes for either tendon.
Analysis of TEM micrographs showed there was no difference in area fraction or fibril
diameter distribution between WT and HET SSTs (Figs. 3.4(a-d)). In contrast, there was a
significant difference between the genotypes in both area fraction (p=0.039) and fibril diameter
distribution (p<0.001) of the ATs (Figs. 3.4(e-h)). Compared to WT tendons, HET tendons had a

Figure 3.2. (a) CSA was greater in ATs than SSTs and was unaffected by genotype. (b) Elastin content was decreased
in HET ten- dons and was similar between tendon types. (c) Collagen content was decreased in ATs and was
unaffected by genotype. Two-way ANOVA *genotype effect p<0.05; #tendon type effect p<0.05.

Figure 3.3. Distribution of
SRB-stained
elastic
fibers
(bright cyan; white arrows),
tenocytes (blue), and collagen
(cyan) in WT and HET SSTs
and ATs. (a, b) Few or no fibers
were visible in SSTs. (c, d)
Stained fibers are visible in WT
and HET ATs, where they
conformed
to
collagen
orientation and were often
localized near tenocytes. No
differences
were
evident
between
genotypes.
Scale
bar=550µm.
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smaller collagen area fraction, fewer small (<50 nm) fibrils, and more large (>170 nm) fibrils.
Furthermore, both elastic fibers and oxytalan fibers (fibrillin microfibrils without elastin) were
visible in TEM images from all tendon groups (Fig. 3.5).
Stress relaxation
There were no significant interactions between genotype and tendon type or any effect of
genotype on any mechanical stress relaxation parameters. Achilles tendons had greater peak stress

Figure 3.4. (a, b, e, f) Representative TEM micrographs from WT and HET SSTs and ATs. Scale bar=500nm. (c, d)
Elastin haploinsufficiency caused no change in SST collagen nanostructure, (g, h) while HET ATs had decreased area
fraction and altered fibril diameter distribution. *Genotype effect p<0.05.
Figure
3.5.
Representative
TEM
micrograph from a HET SST showing
groups of fibrillin microfibrils with
varying amounts of elastin, circled in
white. Scale bar=500nm.
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(81% increase), equilibrium stress (85% increase), and relaxation time (46% increase) than SSTs
(p<0.001), and percent relaxation was unaffected by tendon type (Table 3.1).
Changes in collagen alignment during stress relaxation are shown in Fig. 3.6. There were
no significant interactions between the two factors (i.e. genotype and time) in AVG DoLP and
STD AoP, and no effect of genotype on AVG DoLP for both tendons. In ATs, the HET tendons
showed a trend towards decreased STD AoP (p=0.087), yet genotype had no effect on STD AoP
in SSTs. Moreover, AVG DoLP decreased (p≤0.005) and STD AoP increased (p<0.001) as time
progressed in both tendons, indicating a decrease in strength and uniformity of collagen alignment
during the stress relaxation portion of the test protocol.

Figure 3.6. Changes in collagen
alignment during stress relaxation are
represented by AVG DoLP and STD
AoP. In both tendons, (a, c) AVG
DoLP decreased and (b, d) STD AoP
increased as time progressed. There
was a trend toward decreased STD
AoP in HET ATs compared to WT
ATs. Note: The initial time of the test
was set to 1s to allow graphical
representation on a logarithmic scale.
AVG DoLP y-axes do not start at 0.

Ramp to failure
There were no significant interactions between genotype and tendon type in any
mechanical ramp to failure parameters. Tendons from HET mice had significantly increased linear
stiffness compared to WT tendons by an average of 14% (p=0.049). Toe stiffness, transition
displacement, and transition force were unaffected by genotype. Linear stiffness (121% increase),
transition displacement (86% increase), and transition force (74% increase) were greater in ATs
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than SSTs (p<0.001) while toe stiffness was unaffected by tendon type (Fig. 3.7). Material
properties were generally more variable than structural properties and there was no effect of
genotype on toe modulus, linear modulus, transition strain, or transition stress. Still, the toe
modulus (111% increase) and linear modulus (303% increase) values were larger and the transition
strain values were smaller (57% decrease) in ATs compared to SSTs (p≤0.005), while there was
no effect of tendon type on transition stress (Table 3.1).
Figure 3.7. (a) Toe stiffness was
similar across both genotypes and
tendon types. (b) Linear stiffness was
greater in ATs and was increased in
HET tendons. (c, d) Transition
displacement and transition force were
greater in ATs and not affected by
genotype.
Two-way
ANOVA
*genotype effect p<0.05; #tendon type
effect p<0.05.

Polarization data were analyzed at the initial, transition (intersection of bilinear
curve fitting), and linear (double the displacement at transition) regions of the ramp to failure (Fig.
3.8). In SSTs, there were no significant interactions between genotype and strain region and no
effect of genotype on AVG DoLP and STD AoP. The collagen fibers became more strongly and
uniformly aligned throughout the test, demonstrated by an increase in AVG DoLP (p=0.020) and
decrease in STD AoP (p=0.011). In contrast to the SSTs, there was a significant interaction
between genotype and strain region in AVG DoLP of the ATs (p=0.043) due to the larger increase
from the initial to transition regions in the HETs (12%) compared to the WTs (6%). Still, there
was no difference in AVG DoLP values between genotypes. Similar to the results from stress
relaxation, there was no significant interaction between genotype and strain region in STD AoP
42

and there was a trend towards decreased STD AoP values in HET tendons (p=0.074). Additionally,
STD AoP decreased throughout the test in ATs (p<0.001).

Figure 3.8. Changes in collagen
alignment during ramp to failure are
represented by AVG DoLP and STD
AoP. In both tendons, (a, c) AVG DoLP
increased and (b, d) STD AoP decreased
with increasing strain. There was a
greater increase in AVG DoLP from
initial to transition regions and a trend
toward decreased STD AoP in HET ATs
compared to WT ATs. Note: AVG DoLP
y-axes do not start at 0.

Table 3.1. Mechanical properties SSTs and ATs from WT and HET mice.
SST
Parameter

WT (n = 13)

HET (n = 10)

WT (n = 8)

HET (n = 11)

5.96 ± 3.23

6.69 ± 2.33

10.55 ± 2.97

12.31 ± 2.08

3.92 ± 2.09

4.54 ± 1.74

7.20 ± 2.19

8.46 ± 1.62

Percent relaxation (%)

33.72 ± 6.85

32.72 ± 6.39

32.22 ± 3.35

31.43 ± 3.25

Relaxation time (s) #

2.38 ± 0.65

2.30 ± 0.73

3.40 ± 0.64

3.43 ± 0.72

2.75 ± 1.31

3.23 ± 1.31

3.13 ± 0.69

3.64 ± 1.28

8.50 ± 2.95

9.72 ± 2.98

18.86 ± 3.37

21.42 ± 2.62

0.092 ± 0.027

0.082 ± 0.020

0.168 ± 0.035

0.155 ± 0.014

0.331 ± 0.168

0.323 ± 0.089

0.560 ± 0.120

0.577 ± 0.187

a

78.86 ± 59.54

48.36 ± 30.36a

Peak stress (MPa) #
Equilibrium stress (MPa)

#

Toe stiffness (N/mm)
Linear stiffness (N/mm) *

#

Transition displacement (mm) #
Transition force (N)

#

Toe modulus (MPa)

#

Linear modulus (MPa) #
Transition strain (%)

#

Transition stress (MPa)
a

AT

27.15 ± 8.25

33.02 ± 30.63

101.2 ± 50.8

129.4 ± 96.3

443.8 ± 131.7

485.3 ± 141.6

4.75 ± 3.00

4.19 ± 2.62

a

1.54 ± 1.17

2.30 ± 1.57a

1.68 ± 0.83

1.99 ± 1.83a

1.21 ± 0.83

1.07 ± 0.81a

n=9. Two-way ANOVA *genotype effect p<0.05; #tendon type effect p<0.05. All interaction effects p>0.05.

3.4 Discussion
In agreement with changes in ascending aortae,35 tendons from the HET mice had
significantly decreased quantitative levels of crosslinked elastin as determined by ELISA. In
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comparing the two tendon types, the images of SRB stained tendons suggested a greater number
of elastic fibers in ATs, however the biochemical results did not show a difference in elastin
content between tendon types. Because the ELISA only quantifies mature, fully cross-linked
elastin, this may indicate a greater quantity of less mature elastic fibers in the AT. Furthermore, it
is not clear whether SRB binds to elastin or fibrillins in elastic fibers, and therefore the lack of an
obvious qualitative difference in two-photon microscopy images between genotypes may be due
to staining of elastin-free oxytalan fibers in HET tendons.
The mechanical properties of HET tendons remained largely unchanged despite the
decreased elastin content, with a slight increase in linear stiffness being the only detectable
mechanical effect of elastin haploinsufficiency. This stiffening effect is similar to what has been
shown in the arteries of the same mouse model,29,31 and may result from more complete collagen
engagement in HET tendons since there are fewer elastic fibers to resist structural reorganization.47
This is further evidenced in ATs by the larger increase in AVG DoLP during ramp to failure and
potentially the trend towards lower STD AoP, which together indicate that HET ATs may have
more uniformly oriented collagen fibers that become aligned more quickly upon loading, leading
to a slightly stiffer response. While these results on collagen alignment agree with our hypothesis
of a greater effect of elastin haploinsufficiency in ATs, it did not manifest into any tendon specific
changes in mechanical properties. Indeed, neither SSTs nor ATs experienced any major
mechanical impairment from the elastin deficiency.
The lack of a mechanical difference here is in contrast to studies that reported significant
changes upon elastase treatment of human palmaris longus tendons,48 human SSTs,25 and bovine
medial collateral ligaments.26,27 Collectively, these studies report decreased resistance to off-axis
loading and low-strain tensile loading, with a slightly decreased or unchanged linear modulus in
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elastase treated samples. It may be that potential off-target effects of elastase, such as digestion of
glycosaminoglycans (GAGs) or collagen,24,26 contributed to the change in mechanics. However,
GAG depletion does not have a large effect on connective tissue mechanics and a minor disruption
of collagen is unlikely to account for the large effects reported in these studies.49–51 Alternatively,
there may be a species-specific effect of elastic fibers related to the size of the tendons. Since
murine tendons are much smaller than the samples listed above, contain no interfascicular matrix
(IFM) space and correspondingly fewer elastic fibers in comparison to tendons from larger
mammals. Supporting this concept, our measured elastin content is a level of magnitude smaller
than that in human SSTs.25 Additionally, elastase treated rat tail tendon fascicles (similar in size to
mouse SSTs and ATs) do not exhibit any change in pre-failure mechanical properties.24,48
Consequently, elastic fibers may play an important role in strain attenuation of larger tendons but
are less significant in smaller tendons.
Furthermore, developmental compensation is common in genetically modified animals.
Indeed, the HET mice develop arteries with an increased number of elastic lamellae and a smaller
diameter to maintain normal blood flow in spite of chronic hypertension,29,52 and also maintain
normal pulmonary structure under unstressed conditions.53 Although the CSA and total collagen
content were similar between HET and WT tendons, the decreased collagen area fraction and
altered fibril diameter distribution in ATs determined from TEM micrographs may be a
compensatory mechanism to maintain normal tendon function with decreased elastin. This tendonspecific change in collagen structure may explain why the change in AT mechanical properties
was not greater than the change in SSTs. Moreover, there are a number of other possible
compensatory mechanisms which were not investigated here. For example, similar to elastic fibers,
lubricin resides primarily in the IFM of tendons and facilitates sliding between fascicles.54–56
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Moreover, crosslinking of collagen and elastin are both mediated by the enzyme lysyl oxidase, 57
and therefore HET tendons may have altered collagen crosslinking which has been shown to
influence mechanical properties.58–60
In addition to the AT-specific changes in collagen structure and alignment from elastin
haploinsufficiency, it is worth briefly reviewing the mechanical differences between the SST and
AT. While studies using digital flexor and extensor tendons report a higher linear modulus in
positional tendons,61,62 the SST is unique among positional tendons due to complex multiaxial
loading in vivo and therefore results may not be directly comparable. Previous reports are mixed
on mechanical differences between murine SSTs and ATs,63,64 yet our data showed that ATs are
stronger and take more time to relax than SSTs, which is consistent with a previous report of
tendons containing larger fibrils exhibiting a greater linear modulus.61 Further work into tendon
specific differences may incorporate a more standard positional tendon, such as the tibialis anterior
tendon, along with the SST and AT to determine the conservation of mechanical differences of
functionally distinct tendons across species.
Although we did not find any major changes to the mechanical properties or collagen
alignment in HET tendons, this work only investigated tissue from young, healthy mice. It is
conceivable that the effect of elastin haploinsufficiency may become greater with advanced age or
with a controlled exercise routine, potentially leading to overuse injuries. In addition, thorough
study of the compensatory effects in developing HET mice may provide insight in to the role of
elastic fibers in tendon development. Lastly, evaluation of other mouse models with altered elastic
fibers (Fbn1+/-, Fbln5-/-) could improve understanding of the contributions of the specific
components of elastic fibers. Thus, continued research is necessary to more fully comprehend how
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elastic fibers contribute to tendon function in health, in disease or injury, and in development and
aging.
To conclude, elastin haploinsufficiency caused an increase in tendon stiffness in both
tendon types and structural changes only in the AT. The results presented here demonstrate a minor
yet statistically significant impact of elastic fibers on structure-function relationships in tendon
which differs between functionally distinct tendons.
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Chapter 4: Dysregulated Assembly of Elastic
Fibers in Fibulin-5 Knockout Mice Results in
a Tendon-Specific Increase in Elastic
Modulusa
4.1 Introduction
Fibulin-5 is a key matricellular protein involved in the assembly of elastic fibers, a
structural component of the extracellular matrix (ECM) of many tissues.1,2 Elastic fibers are
composed of a scaffold of fibrillin-rich microfibrils with dense, highly cross-linked elastin located
within the scaffold to impart mechanical elasticity and fatigue resistance.3,4 While the precise
details of the actions of fibulin-5 have yet to be fully understood, proposed roles for the protein
include regulating the coacervation of tropoelastin, activation of lysyl oxidase-like 1, and
deposition of tropoelastin onto the microfibrillar scaffold.5–7 In humans, mutations in the gene for
fibulin-5 can cause a form of cutis laxa, a disease characterized by loose skin and other pathologies
including joint laxity, which is indicative of compromised mechanical properties of joint tissues
including tendons and ligaments.8–10 Therefore, the pathology of cutis laxa highlights the
importance of properly formed elastic fibers in maintaining the mechanics of connective soft
tissue.
Fibulin-5 knockout (Fbln5-/-) mice have been used as a model of cutis laxa and more
generally to explore the effects of malformed elastic fibers11,12. Without fibulin-5 to guide
elastogenesis, disconnected elastin globules have been observed to take the place of properly

a

Adapted from Eekhoff, J. D. et al. Dysregulated assembly of elastic fibers in fibulin-5 knockout mice
results in a tendon-specific increase in elastic modulus. J. Mech. Behav. Biomed. Mater. 113, 104134
(2021).
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formed elastic fibers in the vasculature and skin of this murine model.11–13 Similarly, disconnected
malformed elastic fibers have been seen in tissue biopsies from cutis laxa patients.14,15 Notable
phenotypes of the Fbln5-/- mouse mirror those of cutis laxa and include loose skin, tortuous aortae,
emphysema, and pelvic organ prolapse.11,12,16 However, despite the described joint laxity in
patients with cutis laxa, there have yet to be any published studies investigating how dysregulated
elastic fiber assembly may affect tendons or ligaments using the Fbln5-/- model.
Moreover, the growing amount of literature on the role of elastic fibers in tendon mechanics
further establishes the need to ascertain how malformed elastic fibers resulting from fibulin-5
deficiency affect tendon function.17 Research using elastase to degrade elastin in human palmaris
tendon and supraspinatus tendon, porcine medial collateral ligament, and rat tail tendon fascicles
has demonstrated that the loss of elastin in otherwise healthy tendon alters the mechanical
properties, although the precise roles and mechanisms of elastic fibers in tendon and ligament
remain unclear due to some conflicting results.18–22 While enzyme-based approaches can provide
useful insights, such studies can be subject to limitations including proteolytic non-specificity and
limited enzyme penetration. Elastinopathic murine models represent one alternate approach to
overcome such limitations and target specific components of elastic fibers; our recent work
demonstrated that tendons from elastin haploinsufficient mice had increased stiffness compared to
wild-type controls.23
In addition, the relative importance of elastic fibers in tendon is likely to vary according to
the specific function of each particular tendon. For example, the greater elastin content in the
equine superficial digital flexor tendon (SDFT) compared to the common digital extensor tendon
(CDET) seems likely to contribute to greater extensibility and fatigue resistance of the SDFT.24–26
These mechanical differences, in turn, are uniquely suited to the functional requirement of the
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SDFT to store and release mechanical energy and withstand frequent high strain loading during
the gait cycle.27,28 Tendons with similar functions in other species, such as the Achilles tendon in
humans or in mice, are expected to have similar relationships between ECM composition,
mechanical properties, and functional requirements.
Elastic fibers have been theorized to contribute to tendon mechanics by acting as linking
components between adjacent bundles of collagen.19,23 In this capacity, they may regulate
structural reorganization mechanisms (e.g., collagen sliding and rotation) when tendons are
loaded.29 Additionally, elastic fibers appear to have distinct roles depending on their location
within the tendon. Elastic fibers within collagen fascicles are sparse and strongly aligned with the
collagen, while elastic fibers between fascicles in the interfascicular matrix form a more dense,
mesh-like network.24,30,31 In larger tendons with a distinct fascicular structure it is difficult to
distinguish the differential contribution of fascicular and interfascicular elastic fibers, necessitating
simpler models to isolate the effects of each. Due to its small size, murine tendon structurally
resembles a single fascicle from a larger tendon and does not contain interfascicular matrix,
making it an ideal model to isolate and evaluate how elastic fibers function within tendon
fascicles.32
Therefore, the objective of this study was to determine how fibulin-5 deficiency affects
functionally distinct tendons in the Fbln5-/- model. We investigated two tendons from the murine
hindlimb: the Achilles tendon (AT), which is cyclically loaded to high strains and stores
mechanical energy, and the tibialis anterior tendon (TBAT), which experiences lower magnitude
strain and helps to stabilize the joint. Informed by our prior work with elastin haploinsufficient
mice and the different functional requirements of the AT and TBAT, we hypothesized that the
tendons from Fbln5-/- mice would have a greater elastic modulus compared to controls due to
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structurally unsound elastic fibers, and that the effect would be greater in the AT compared to the
TBAT.

4.2 Methods
Sample acquisition and preparation
Achilles tendons (ATs) and tibialis anterior tendons (TBATs) were harvested from male
fibulin-5 knockout (Fbln5-/-) and wild-type (Fbln5+/+) mice between four and five months of age
after euthanization.33 Tendons appointed for mechanical testing and compositional analysis were
wrapped in phosphate buffered saline (PBS)-soaked gauze and stored at -20° C until further use,
while tendons utilized for two-photon microscopy or transmission electron microscopy were
immediately processed following euthanization and tissue collection, as described below. All
experiments were performed with approval from the Institutional Animal Care and Use
Committee.
Compositional analysis
Desmosine, a cross-link specific to elastin, and hydroxyproline, a post-translationally
modified amino acid which is largely specific to collagen, were quantified in ATs and TBATs
using amino-acid based biochemical assays in triplicate on a single 96-well plate to reduce plateto-plate variability (n=6/group).34 Tendon dry weight was measured after lyophilizing the samples
for 24 hours. Next, the samples were hydrolyzed in 6 N HCl at 100° C for 48 hours. Following
hydrolysis, HCl was evaporated off and the samples were rehydrated in ultrapure water to a final
concentration of 5 micrograms of sample dry weight per microliter of water.
Desmosine

quantity

was

determined

using

a

competitive

enzyme-linked

immunosorbent assay.34 A 96-well plate was coated for 30 minutes with desmosine-ovalbumin
conjugate in 50mM carbonate/bicarbonate buffer (pH 9.6), and then blocked for 15 minutes using
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blocking buffer. After washing the wells with wash solution (KPL 506300), the hydrolyzed
samples or an elastin standard were added to each well with desmosine antibody in blocking
solution (KPL 506100) for 60 minutes, followed by an additional wash. Then, peroxidase-labeled
antirabbit IgG in blocking solution was added as the secondary antibody for 60 minutes. After a
final wash, a peroxidase substrate was added to induce a colorimetric change. Absorbance was
measured at 650 nm at 20 minutes after the addition of the peroxidase substrate. A standard curve
was produced using the same procedure on purified bovine elastin, which contains 3.4 ng of
desmosine per microgram of elastin.34 No assumptions were made regarding desmosine to elastin
ratio in the tendon samples, due to the potential for altered cross-linking capabilities in the
Fbln5-/- tissue.
Hydroxyproline content was measured using a colorimetric chloramine-T based
assay.34 Sample hydrolysates were oxidized with 15.8 mg/mL Chloramine-T in n-propanol and
citrate acetate buffer (pH 6.5) and subsequently reacted with Erlich’s solution (190 mg/mL
p-dimethylaminobenzaldehyde in n-propanol and perchloric acid) to induce a colorimetric change.
Absorbance at 550 nm was measured after heating to 65° C for 30 minutes. Pure hydroxyproline
was used for the standard curve, and hydroxyproline values were converted to collagen by
assuming collagen was made up of 13.5% hydroxyproline in both the standard and in the
samples.34 This assumption was made because previous data shows that fibulin-5 does not disrupt
collagen synthesis, which includes hydroxylation of proline residues within the collagen αchains.35
In separate samples, collagen cross-links were measured using amino acid analysis
(n=5-6/group).36 Due to the small size of the murine TBATs, tendons from paired limbs were
pooled together for analysis, while ATs were large enough to be analyzed individually. Samples
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were reduced by 25 mg/mL sodium borohydride sodium biphosphate buffer (pH 7.4) to stabilize
acid-labile collagen cross-links, followed by hydrolysis in 6 N HCl at 110°C for 24 h. The
hydrolyzates were precleared by solid phase extraction to remove the majority of non-crosslinked
amino acids. Dried eluates were redissolved in sodium citrate loading buffer (pH 2.2) and analyzed
on an amino acid analyzer using a three-buffer gradient system and post column ninhydrin
derivatization. The column was eluted for 5 min (flow rate 15 ml/h) with sodium citrate buffer (pH
4.25), then for 40 min with sodium citrate buffer (pH 5.35) and then for 20 minutes with sodium
citrate/borate buffer (pH 8.6) at 80° C. Retention times of individual cross-links were established
with authentic cross-link compounds. Quantitation was based on ninhydrin generated leucine
equivalence factors (dihydroxylysinonorleucine [DHLNL] and hydroxylysinonorleucine
[HLNL] = 1.8; hydroxylysyl pyridinoline [HP] and lysyl pyridinoline [LP] = 1.7).37
Two-photon microscopy
To increase light penetration and, correspondingly, imaging depth, ATs and TBATs were
optically cleared using a method adapted from the SeeDB technique.38 Freshly harvested whole
tendons (n=4/group) were incubated in 1% Triton-X in 0.1X PBS for one hour to lyse the cells
and reduce intracellular autofluorescence, and subsequently were incubated in 0.1X PBS for one
hour to wash the Triton-X from the samples. Then, tendons were incubated in serially increasing
fructose solutions in 0.1X PBS with the addition of 0.5% thioglycerol to prevent glycation. For the
serial incubation, samples were incubated for 2 hours in 30% (wt/vol) fructose, 2 hours in 60%
(wt/vol) fructose, and then moved to 90% (wt/vol) fructose for between 16 and 24 hours before
being imaged.
Cleared ATs and TBATs were imaged using a two-photon microscope (Olympus
FV1000MPE), where the fluorescent signal was collected at 25X (XLPLN25XWMP2, NA 1.05).
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Collagen signal was acquired using second-harmonic generation (excitation 840 nm; emission
420-460 nm) and elastin signal was acquired using two-photon excited autofluorescence
(excitation 840 nm; emission 495-540 nm). Image stacks were taken at 1024x1024 resolution with
a z-step size of 1 μm through the full depth of the midsubstance of the tendon (300-400 μm).
Elastic fibers were segmented from the background autofluorescent signal. After initial
noise reduction using a cubic Gaussian smoothing kernel with a standard deviation of 0.5 voxels,
the background signal was isolated by performing a 7x7x7 voxel median filter on the image stack,
effectively removing all elastic fibers from the image. The background was subtracted from the
original image stack, and the resultant stack was binarized using an intensity threshold equal to
eight times the seventy-fifth percentile of the intensity of all voxels in the resultant image stack.
This threshold accounts for variation in overall intensity between images and was effective in
preliminary testing. Then all objects smaller than 100 voxels were deleted from the binarized
image to remove residual noise. Lastly, the binary mask was applied to the original image to isolate
the elastic fibers. The volume of elastin was determined from the binary mask and normalized to
collagen volume determined from the second-harmonic generation image.
Transmission electron microscopy
Transmission electron microscopy (TEM) was used to visualize the nanostructure of elastic
fibers within the tendons (n=2/group). Freshly harvested whole ATs and TBATs were fixed in
2.5% glutaraldehyde and 2% paraformaldehyde overnight at 4° C and post-fixed in 1.25% osmium
tetroxide. After fixation, samples were stained en bloc using 2% tannic acid and 4% aqueous uranyl
acetate, dehydrated, and embedded in resin. Ultra-thin sections (100 nm) were taken in both the
transverse and longitudinal directions from each sample and counterstained using uranyl acetate
and lead citrate. Sections were surveyed using a transmission electron microscope (JEOL JEM58

1400) to locate and acquire images of elastic fibers. A minimum of 19 images were taken from the
midsubstance each sample at various magnifications and examined to assess elastic fiber structure.
Of these, five images of transverse sections from each sample were chosen at random to measure
collagen fibril diameters.23 Images were manually thresholded and subjected to a watershed
operation to isolate individual fibril cross-sections, and then an ellipse was fit to each fibril crosssection. The minor diameter of the fit ellipse was taken to be the fibril diameter.
Mechanical testing and quantitative polarized light imaging
Tensile testing was performed to determine mechanical properties of Fbln5+/+ and
Fbln5-/- ATs and TBATs (n=11-14/group). Prior to mechanical testing, the cross-sectional area
(CSA) of the tendon samples was measured using a non-contact laser-scanning device. Tendons
were then clamped into custom aluminum fixtures. To enhance gripping of the samples and
provide sufficient gauge length, ATs were kept attached to the calcaneus, where the calcaneus was
clamped directly and the free tendon end was clamped between pieces of sandpaper. The TBATs
were removed from the medial cuneiform and clamped between pieces of sandpaper on both
tendon ends. Verhoeff’s stain was used to apply two lines perpendicular to the long axis of the
tendons at approximately one third and two thirds distance along the gauge length to enable optical
strain tracking. Subsequently, the fixtures with the clamped tendons were loaded into a mechanical
loading device and submerged in PBS to maintain hydration. A pre-load of 0.1 N was applied and
then samples were subjected to ten cycles to 3% clamp strain at 1 Hz to precondition the tissue.
Following preconditioning, tendons were ramped to 5% clamp strain at a rate of 15% strain per
second and held for five minutes before returning to the initial gauge length to evaluate stress
relaxation. Lastly, tendons were subjected to triangular waveforms to 2%, 4%, and 8% clamp strain
at 1% per second, which approximately correspond to the toe, transition, and linear regions of the
59

loading curve. One minute of rest at the initial gauge length between each portion of the test was
included to allow for partial tissue recovery. A custom quantitative polarized light imaging (QPLI)
system was used to capture video of the entirety of the test to measure fiber alignment.39
Tissue strain was determined by tracking the corners of the two stain lines within the video
captured using the QPLI system, where the coordinates were used to calculate two-dimensional
Lagrangian strain.29 Tissue stress was defined as the measured force divided by the initial CSA.
Peak and equilibrium stress values were extracted from the stress relaxation data, where the
equilibrium stress was taken as the average stress over the last 0.2 seconds of the stress relaxation
test. Percent relaxation calculated as the percent difference between peak and equilibrium stresses.
Hysteresis, or the percent energy lost during unloading, was calculated from the loading and
unloading force-displacement curves to 2%, 4%, and 8% clamp strain. In addition, bilinear curve
fitting was performed on the stress-strain loading curve to 8% clamp strain to determine toe
modulus, linear modulus, and the stress and strain at the transition point.40
Quantitative collagen alignment was determined using data collected using the QPLI
system.23,39 A region of interest was created between the two stain lines on each tendon surface;
all pixels within the region of interest were analyzed for each frame of the video. Two independent
measures were taken from these data: the average degree of polarization (AVG DoLP) and the
standard deviation of the angle of polarization (STD AoP), which correspond to the strength of
collagen alignment and (inversely) to the uniformity of collagen alignment within the sample,
respectively. The AVG DoLP and STD AoP values immediately preceding stress relaxation (preSR), at the onset of stress relaxation (peak), at the end of stress relaxation (equilibrium),
immediately following stress relaxation (post-SR), immediately preceding the ramp to 8% clamp
strain (zero), at the calculated transition strain during the ramp to 8% clamp strain (transition), and
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at double the calculated transition strain during the ramp to 8% clamp strain (linear) were extracted
to make comparisons between genotypes.
Data analysis
Two-photon microscopy image stacks and transmission electron images were assessed
qualitatively for the amount and quality of elastic fibers visible within the midsubstance of the
tendon. A statistical comparison was not made for collagen fibril diameters due to low sample size,
but the distributions were qualitatively compared between genotypes and between tendons. All
compositional and mechanical data were analyzed using a two-way analysis of variance
(ANOVA), where the two factors were genotype (i.e., Fbln5-/- vs. Fbln5+/+) and tendon type (i.e.,
AT vs. TBAT). QPLI data were analyzed using two-way repeated measures ANOVA with factors
of genotype and test region and with Greenhouse-Geisser corrections to account for lack of
sphericity in the data. Bonferroni post-hoc tests were performed to determine the significance of
differences between individual means; p-values less than 0.05 were considered significant and pvalues less than 0.10 were considered to be trending towards significance.

4.3 Results
Compositional analysis
Biochemical analysis demonstrated subtle differences between the AT and TBAT and no
differences between genotypes (Fig 4.1). Collagen content was 18% greater in ATs compared to
TBATs (p=0.001). Similarly, desmosine content was 16% greater in ATs, although this effect did
not reach statistical significance (p=0.054). The ratio between desmosine and collagen was similar
for all tendons analyzed.
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Figure 4.1. (a) Collagen and (b) desmosine content were slightly lower in the TBAT compared to AT when
normalized to dry weight, with no effect of genotype. (c) Desmosine to collagen ratio was unaffected by either tendon
type or genotype. *p<0.05. #p<0.10.

Likewise, collagen cross-linking was unaffected by genotype, but the TBAT was more
heavily cross-linked than the AT (Fig 4.2). The amount of the mature cross-link HP was 53%
greater in TBATs compared to ATs (Fig 4.2(a)), while LP content was below detectable levels
(not shown). Immature cross-links were more similar across tendon types, with 25% more DHLNL
in the TBAT (Fig 4.2(b)) and no significant difference in HLNL (Fig 4.2(c)).

Figure 4.2. (a) HP and (b) DHLNL content were greater in the TBAT compared to the AT with no effect of genotype.
(c) HLNL was unaffected by either tendon type of genotype. *p<0.05.

Two-photon microscopy
Optical clearing with fructose enabled deep two-photon imaging. Collagen appeared
normal in each sample: densely packed and highly aligned fibers with regions of periodic crimp
were visible throughout the tendons (Fig 4.3). No differences in collagen structure were noted
between genotypes or between tendon types. In Fbln5+/+ ATs and TBATs, elastic fibers were long,
thin, and sparsely distributed (Fig 4.3(a, c)). Single elastic fibers could often be seen spanning
across the entire field of view (509 μm). Some branching of elastic fibers was observed, although
most fibers appeared disconnected from other fibers. Within Fbln5+/+ samples, elastic fibers
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appeared to be more numerous in ATs compared to TBATs (Fig 4.3(e, f)). Conversely, no distinct
elastic fibers were discernable in Fbln5-/- ATs and TBATs, indicating a lack of distinct
autofluorescent signal from elastin in these tissues (Fig 4.3(b, d)). Analysis of elastin volume from
segmented images demonstrated a significant effect of genotype (Fig 4.3(g)). While this measure
of elastin volume was greater in Fbln5+/+ ATs compared to TBATs, the tendon-type comparison
did not reach statistical significance.

Figure 4.3. Label-free two-photon microscopy images of optically cleared tendon samples. (a–d) Representative
maximum intensity projections over a depth of 80 μm showing collagen (red) and elastin (green) in murine tendon.
Sparsely distributed and aligned elastic fibers were visible in Fbln5+/+ (a) ATs and (c) TBATs, while the elastin signal
was absent in Fbln5−/− (b) ATs and (d) TBATS. Three-dimensional reconstructions of full-depth image stacks of a
Fbln5+/+ (e) AT and (f) TBAT. (g) Elastin volume in segmented image stacks was greater in Fbln5+/+ tendons
compared to Fbln5−/− tendons. *p<0.05.
groups

Transmission electron microscopy
Elastic fibers were located and imaged in both ATs and TBATs using TEM (Fig 4.4). A
total of 232 images were acquired from the eight samples prepared for TEM. The elastic fiber
components discernable from the images were microfibrils (~10-12 nm diameter cylinders) and
elastin (dark amorphous staining within bundles of microfibrils). In Fbln5+/+ samples, groups of
small, distinct microfibrils formed a scaffold for elastin, which was generally located within the
center of the group of microfibrils (e.g., Fig 4.4(a, n)). Organized, connected elastin was present
with most groups of microfibrils in both Fbln5+/+ ATs and TBATs. Still, there were also groups
of microfibrils where no elastin was present (e.g., Fig 4.4(i, j)); these structures are often referred
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to as oxytalan fibers.41,42 Elastic and oxytalan fibers were sparsely dispersed throughout the whole
tendon, and no obvious regional differences in fiber density were noted within the sections. Some
elastic and oxytalan fibers were present directly adjacent to cells (e.g., Fig 4.4(e, f)), while others
were far from any cell and situated between collagen fibrils (e.g., Fig 4.4(a, b)). While the crosssections of most fibers were roughly circular, others appeared to have elongated or irregularly
shaped cross-sections (e.g., Fig 4.4(e, g)). On average, elastic fibers in ATs appeared to contain
more elastin than those in TBATs, although there was a range of visible elastin content in both
tendons. Most elastic fibers were aligned with the dominant direction of the collagen fibrils,
although some fibers were seen at a slight angle from the dominant collagen orientation (e.g., Fig
4.4(o)).
The structure of the fibrillin microfibrils appeared unaltered in Fbln5-/- ATs and TBATs
(e.g., Fig 4.4(c, d)). However, there was a clear lack of organized elastin. In the majority of images,
no elastin could be identified. Where elastin was present, it appeared to be globular and
disconnected (e.g., Fig 4.4(p, q)). No elastic fibers with an organized and connected elastin core
were observed in either Fbln5-/- ATs or TBATs. Outside of elastin organization, no obvious
qualitative differences in collagen fibrils, cells, or overall structure were noted in tendons from
Fbln5-/- mice compared to Fbln5+/+ controls. Quantification of fibril diameters showed that ATs
contained larger fibrils compared to TBATs, yet there was no noticeable effect of genotype on
collagen fibril distribution for either tendon (Fig 4.5).
Mechanical testing and quantitative polarized light imaging
Tendon CSA was not affected by genotype but significantly differed between tendon type.
The least squares mean of the CSA for the AT and TBAT was 0.232 mm2 and 0.093 mm2,
respectively (data not shown).
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Figure 4.4. Transverse and longitudinal transmission electron micrographs of Fbln5+/+ and Fbln5−/− ATs and TBATs.
Elastic/oxytalan fibers are outlined with dashed yellow lines. Elastic fibers in Fbln5+/+ tendons contained an organized
core of elastin, while elastic fibers in Fbln5−/− tendons demonstrated disconnected elastin globules. Some elastic fibers
were located near cells as part of the pericellular matrix in both genotypes. Scale bar=500 nm.
Figure 4.5. Distributions of collagen
fibril diameters in (a) Fbln5+/+ and
Fbln5−/− ATs and (b) Fbln5+/+ and
Fbln5−/− TBATs. Distributions
appeared similar between genotypes
while ATs tendons tended to contain
more larger diameter fibrils.
Statistical comparisons between
groups were not made due to small
sample sizes.
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Both peak and equilibrium stresses during stress relaxation were 22-23% greater in TBATs
compared to ATs (p=0.033 and p=0.029, respectively), yet no significant genotype effect was
observed (Fig 4.6(b, c)). The mean percent relaxation was between 29-30% for all groups and was
unaffected by both genotype and tendon type (Fig 6(d)).
Hysteresis values were similar between Fbln5-/- and Fbln5+/+ tendons and generally
increased with increasing strain, although some tendon type effects were noted (Fig 4.6(e-h)). At
2% and 4% strain the TBATs experienced greater hysteresis than ATs, while at 8% ATs
experienced greater hysteresis than TBATs. This reversed effect at 8% strain is likely due to many
of the AT samples nearing or surpassing the yield point at 8% strain, indicated by a noticeable

Figure 4.6. Mechanical properties of Fbln5+/+ and Fbln5−/− ATs and TBATs. (a) Representative stress relaxation
curve from a Fbln5+/+ AT. (b) Peak and (c) equilibrium stress were greater in TBATs compared to ATs with no effect
of genotype, while (d) percent relaxation was unaffected by either tendon type or genotype. (e) Representative loading
and unloading curves to 2%, 4%, and 8% clamp stain from a Fbln5+/+ AT. Hysteresis at (f) 2% and (g) 4% strain was
greater in TBATs compared to ATs, while hysteresis at (h) 8% strain was greater in ATs compared to TBATs.
Hysteresis at all strain magnitudes was unaffected by genotype. (i) Transition strain, (j) transition stress, and (k) toe
modulus were all unaffected by both genotype and tendon type. (m) Fibulin-5 deficiency affected linear modulus of
ATs differently than TBATs (interaction effect p = 0.043). Fbln5−/− ATs has a greater linear modulus compared to
Fbln5+/+ ATs, while TBATs were unaffected by genotype. *p<0.05.
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inflection in the loading curve, while the TBATs showed no indication of yielding prior to 8%
strain. Three out of thirteen Fbln5+/+ ATs and two out of eleven Fbln5-/- ATs failed at the enthesis
before reaching 8% strain, and consequently these samples were excluded from analysis of
hysteresis at 8% strain. No TBATs failed during mechanical testing.
Bilinear fitting of the stress-strain curve to 8% clamp strain yielded a tendon-specific effect
of genotype on linear modulus (Fig 4.6(i-m), Fig 4.7). While the toe modulus, transition strain,
and transition stress were similar between each group, the mean linear modulus was 47% greater
in Fbln5-/- ATs at 656 MPa compared to Fbln5+/+ ATs at 446 MPa, but was unaffected by genotype
in TBATs where the least squares mean of the linear modulus across both genotypes was 673 MPa
(interaction effect p=0.043).
Figure 4.7. Representative stress-strain
loading curves of Fbln5+/+ and Fbln5−/− (a)
ATs and (b) TBATs with corresponding
bilinear curve fits. The larger linear
modulus in the Fbln5−/− AT compared to
the Fbln5+/+ AT can be seen as a greater
slope in the stress-strain curve past the
transition point where the bilinear fit lines
intersect.

Collagen alignment metrics (i.e., AVG DoLP and STD AoP) were similar between
genotypes throughout the test for both tendons (Fig 4.8). However, while specific values were
similar, the Fbln5-/- ATs experienced greater changes in alignment during stress relaxation
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compared to Fbln5+/+ ATs (Fig 4.8(b, c)), as indicated by significant interaction effects between
genotype and test region for both AVG DoLP and STD AoP (p=0.027 and p=0.045, respectively).
These interaction effects were specific to ATs; TBATs had no significant interaction or genotype
effects on alignment during stress relaxation (Fig 4.8(d, e)). During the ramp to 8% strain, AVG
DoLP generally increased and STD AoP generally decreased for both tendons with increasing
strain, but no interaction or genotype effects were noted during this ramp (Fig 4.8(f-j)).

Figure 4.8. QPLI data during stress relaxation and loading to 8% clamp strain. (a) AVG DoLP and STD AoP were
recorded at pre-SR, peak, equilibrium, and post-SR points during the stress relaxation response. While values
remained similar, Fbln5−/− ATs experienced greater changes to (b) AVG DoLP and (c) STD AoP during stress
relaxation compared to Fbln5+/+ ATs (interaction effect p=0.027 and p=0.045, respectively). (d, e) The AVG DoLP
and STD AoP of Fbln5+/+ and Fbln5−/− TBATs experienced changes throughout stress relaxation but no interaction
or genotype effects were significant. (f) AVG DoLP and STD AoP were also recorded at zero, transition, and linear
points during the ramp to 8% clamp strain. (g, i) AVG DoLP generally increased and (h, j) STD AoP generally
decreased with increasing strain for Fbln5+/+ and Fbln5−/− ATs and TBATs, yet no significant genotype or interaction
effects were noted during loading to 8% clamp strain.

4.4 Discussion
The key result from this study is that malformed elastic fibers in tendon caused a tendonspecific increase in linear modulus (Fig 4.6(m)). In agreement with our hypothesis, the AT was
affected to a greater extent than the TBAT; however, it was unexpected that the TBAT displayed
no effects of genotype on mechanical properties. The greater desmosine content in the AT may
partially account for this tendon-specific effect, but the difference in desmosine quantity was small
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and unlikely to fully account for the data (Fig 4.1(b)). Therefore, it appears that elastic fibers may
play a more mechanical role in the AT compared to their contribution in the TBAT. This
observation corresponds well with the functional requirements of the two tendons, where the AT
is typically subjected to more high magnitude cyclic strain compared to the TBAT during in vivo
use.27 Moreover, many of the mechanical differences between Fbln5+/+ ATs and TBATs, such as
a reduced linear modulus and lower hysteresis within the working range of the tendon, are similar
to those seen between the equine SDFT and CDET.43,44 However, while the energy-storing murine
AT had less collagen cross-linking than the positional TBAT, previous studies have reported
greater collagen cross-linking in the energy-storing equine and bovine SDFT compared to the
positional CDET.45,46 Consequently, meaningful comparisons are possible between these
structurally dissimilar models but still must be exercised with caution regarding the structural and
compositional dissimilarities. Both models should be studied in concert; the murine tendon used
in the current study reveals information regarding the role of fascicular elastic fibers, while larger
tendons containing IFM are necessary to determine the distinct role of interfascicular elastic fibers
in tendon.
The increase in linear modulus of Fbln5-/- ATs was caused by a change in the structure of
elastic fibers but not overall composition of the tendon. Desmosine, collagen, and immature and
mature collagen cross-link content were all unaffected by genotype in this model (Figs 4.1, 4.2).
The structure of collagen, imaged with both two-photon microscopy and transmission electron
microscopy, appeared identical between the Fbln5+/+ and Fbln5-/- tendons. In contrast, the elastic
fiber structure was clearly disrupted. Disconnected elastin globules were found in close proximity
to microfibrils in transmission electron micrographs of Fbln5-/- tendons, in place of the long,
organized core of elastin found in elastic fibers of Fbln5+/+ tendons (Fig 4.4). Additionally, the
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two-photon excited autofluorescent signal from elastic fibers was indiscernible from the
background noise (Fig 4.3). This lack of signal was not a result of the absence of elastin, as
indicated by the presence of elastin in compositional analysis and TEM. Rather, the elastin that
was present in the Fbln5-/- tendons did not emit the same signal that was observed in Fbln5+/+
tendons because of its improper assembly. While our biochemistry data indicated no effect of
genotype on desmosine content, isodesmosine or immature elastin cross-links could have been
affected. Additionally, although equal desmosine content strongly suggests equal elastin content
between genotypes, it is possible in theory that the ratio of desmosine to elastin was altered and
consequently the elastin content would vary correspondingly. In summary, elastic fibers in
Fbln5-/- tendons clearly demonstrated irregular structure which appears to have led to the
corresponding increase in linear modulus in the AT.
Results in the present study agree with our prior work in elastin haploinsufficient mice,
which demonstrated a slight increase in linear stiffness of both ATs and supraspinatus tendons as
a result of partial elastin deficiency.23 The work with murine models can be contrasted by prior
research which utilized elastase to degrade elastic fibers to determine the role in mechanical
properties of tendon and ligament. Generally, these studies have reported decreased stresses in
elastase treated tendon, resulting from either an elongated toe region or from a decreased
modulus.19,21,22 The main contributor to the contrasting results between these studies is the
different way in which elastic fibers are removed or rendered nonfunctional. In genetically
modified murine models, elastic fibers are never formed properly and the tendon grows and
develops in the absence of elastic fibers; conversely, elastase-treated tendon develops under
standard conditions only to have the elastic fibers degraded during the experiment. In other words,
murine models investigate the outcome of tendons developing without proper elastic fibers, while
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elastase experiments investigate the specific contribution of elastic fibers in otherwise normal
tendon. The main advantage of experiments using elastase is the starting point with healthy tendon
that contains a normal elastic fiber network. However, elastase can target proteins other than elastin
which may confound the results of these experiments, and the approach can only be used for postmortem testing. Murine models overcome the non-specificity of elastase treatments and could be
used to investigate the effects of a disturbed elastic fiber network in in vivo studies, although the
disadvantage is the difficulty in uncoupling potential compensatory mechanisms from the effects
of altered elastic fibers. In this study, this concern was alleviated by confirming the lack of
differences in the collagen quantity and structure between genotypes, although it remains possible
that other minor compensatory effects may have occurred.
The greater change in collagen alignment experienced by Fbln5-/- ATs during stress
relaxation may be linked to the mechanisms causing the greater linear modulus of these tendons.
If elastic fibers serve as linking components between adjacent bundles of collagen and regulate
structural reorganization during loading, then the absence of fully functioning elastic fibers would
increase strain-induced structural reorganization in tendon because a reduction in linking
components would enable freer collagen movement. A similar effect on collagen alignment
measured using QPLI was noted in elastin haploinsufficient ATs.23 However, the effect on changes
in alignment in Fbln5-/- ATs was subtle and was confined to the stress relaxation portion of the
test, which does not correspond to the measured change in linear modulus. It is possible that the
tendons did not fully recover their initial structure after stress relaxation, and therefore structural
changes which occurred during stress relaxation affected later parts of the test.47 Furthermore, the
collagen alignment measurement using QPLI is limited to measuring the degree and uniformity of
alignment at a length scale resolved using the camera macro lens (~10 μm/superpixel) and does
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not measure sliding between collagen bundles, which does not change overall alignment, or
smaller scale structural reorganization. Consequently, additional changes to strain-induced
structural reorganization may have been missed during other parts of the test. Imaging at a higher
resolution during mechanical testing with a modality that could directly visualize collagen
movement (e.g., two-photon microscopy) could identify smaller-scale collagen sliding and
reorganization in future experiments.29,48
While an increase in linear modulus resulting from decreased integrity of a structural
component of the ECM may seem counterintuitive, this again is a result of the role of elastic fibers
as a linking component in tendon. The total content of elastin in tendon is low and therefore does
not directly bear significant load as an individual component apart from the greater network of
ECM, but instead regulates how collagen as the main structural component reacts to load. Without
organized elastic fibers to regulate lateral interactions between bundles, the collagen is able to
engage more fully and cause the tendon as a whole to stiffen. Perhaps stiffer linking components,
such as interweaving small diameter collagen fibrils, compensate in the absence of proper elastic
fibers to create a more rigid tendon after crimp has been extinguished in the toe region.49,50
Moreover, greater collagen engagement could possibly also result in greater accumulation of
microdamage with repeated loading. This proposed phenomenon can be related to elastin-rich
aortae, where the collagenous adventitia becomes more engaged when the elastic lamellae are
disrupted, causing a decrease in compliance and distensibility.51–54 Similar changes to mechanical
properties were also seen in inflation-extension testing of elastase-treated murine vaginal wall.55
There are a number of limitations associated with this study. Fibulin-5 has secondary roles
outside of elastic fiber assembly, such as regulation of matrix metalloproteinases (MMPs).56,57
While no changes to ECM structure or composition were observed other than disorganized elastic
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fibers, MMP dysregulation may have caused changes to less abundant matrix components, such
as the minor collagens. Similarly, there may have been developmental compensation as an attempt
to correct the functional limitations of malformed elastic fibers in the Fbln5-/- mice. However, no
differences were detected in collagenous ECM of the tendon, suggesting any compensation effects
were minimal compared to the effect of perturbed elastic fibers (Figs 4.1(a), 4.5). Finally, while
the elastic fibers were severely malformed in Fbln5-/- tissue, they do still retain some function
because the mice do not exhibit the same perinatal lethality as mice with systemic elastin
knockout.58 Therefore, the remaining capacity of the elastic fibers may have diminished or partially
masked measured changes to mechanical properties. Future work could investigate in what
capacity the malformed elastic fibers are still able to maintain some function.
Results of this study add to the growing collection of work demonstrating a significant role
of elastic fibers in tendon mechanics. However, the bulk of work completed on this topic to date,
current study included, are descriptive and are merely able to provide conjecture for how elastic
fibers function within tendon. Further research incorporating more direct, mechanistic studies are
necessary to elucidate the causes behind the observed altered mechanical properties in tendons
with perturbed elastic fibers. This information ultimately could aid the maintenance or restoration
of healthy tendon function in aging individuals and in patients with cutis laxa or other
elastinopathic conditions.
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Chapter 5: Three-Dimensional Computation
of Fiber Orientation, Diameter, and
Branching in Segmented Image Stacks of
Fibrous Networksa
5.1 Introduction
The extracellular matrix (ECM) provides mechanical support to biological tissue. Fibrous
constituents such as collagen and elastic fibers are especially important for maintaining structural
integrity. Along with ECM composition, the structural organization of fibrous components within
the ECM is critical for understanding various aspects of ECM function. For example, the strongly
aligned collagen in tendon and ligament is responsible for high strength along the primary axis of
loading,1–3 while the less aligned network of collagen fibrils in skin leads to reduced mechanical
anisotropy.4,5 Moreover, less abundant fibrous tissue constituents with a more sparse network, such
as elastic fibers, are also important for maintaining mechanical integrity of biological tissue.6–9 In
addition to governing mechanical properties at the tissue scale, fiber organization influences
cellular behavior. Studies comparing cell behavior on aligned and randomly oriented scaffolds
have shown that fiber alignment affects cell migration, gene expression, matrix production, and
cell morphology.10–13 The topography of the ECM has also been shown to affect strain transmission
to cells under load, leading to the hypothesis that early changes in tendon cell behavior due to
repetitive loading results from an increase in collagen kinking independent of altered local
mechanical properties.14,15 In addition to collagen architecture acting to influence cellular

a

Adapted from Eekhoff, J. D. & Lake, S. P. Three-dimensional computation of fibre orientation, diameter
and branching in segmented image stacks of fibrous networks. J. R. Soc. Interface 17, 20200371 (2020).
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behavior, other fiber populations such as fibrillin-based microfibrils may act as mechanosensors
to mediate a cellular response to mechanical loading.16,17 Furthermore, because the ECM is often
altered in disease or injury,18–20 evaluating the arrangement of fibers within tissue samples can be
used for diagnosis and for monitoring tissue response to therapy. Therefore, accurately quantifying
properties of the fibrous network of ECM or engineered fibrous materials from acquired images is
an important tool across a broad range of biomedical research.
A host of readily available open-source programs can quantify fiber properties in twodimensional (2D) images. For example, the FibrilTool and OrientationJ plugins in ImageJ can
determine fiber orientations21,22 and CytoSpectre is able to evaluate both fiber orientation and
size.23 Unfortunately, applying 2D analysis to three-dimensional (3D) structures has significant
limitations. The appearance of objects in a single image plane is dependent on the location and the
orientation of the image plane.24 Specifically, fibers that are oriented nearly perpendicular to the
image plane are difficult to accurately detect and quantify in 2D images, and it is not possible to
directly compute fiber diameter because apparent width in a 2D image is dependent on the
orientation of the fiber through the image and where the fiber is sectioned along its width.
Additionally, little information can be gleaned from a single image plane of a low-density fiber
network. This problem can be addressed by analyzing maximum or average projections of an
image stack, yet all information in the third dimension is lost in the process. True 3D analysis
resolves these complications common with 2D techniques. Notably, 3D diagnostic techniques have
been shown to yield improved results over analogous 2D techniques, demonstrating the superior
performance of 3D analysis.25,26 Moreover, 3D determination of fiber orientation produces more
accurate results than 2D analysis even when only comparing the projection of the angle onto the
x-y plane.27
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Due to the additional complexity of a third dimension in image analysis, current options for
3D quantification of fiber orientation are limited. Fabric tensor-based analysis can be performed
in 3D to quantify dominant orientations and anisotropy of porous materials such as trabecular bone,
but is not well-suited for fibrous tissue.28–30 Diffusion-tensor magnetic resonance imaging (DTMRI) has been used extensively to track neural networks in the brain and to a lesser extent for
fibrous tissues, but the technique is limited to MR images and the structures that can be resolved
with this imaging modality.31–33 Polarized light-based techniques have also been utilized to
quantify 3D fiber orientation, but these procedures require multiple polarizing filters and are only
possible on birefringent materials, such as collagen and nerve fibers.34–36 Fast Fourier transform
(FFT) analysis, which is commonly used on 2D images, has been adapted for use in 3D to calculate
collagen orientation in second-harmonic generation (SHG) images by comparing Fourier
transforms to a filter bank.37,38 This analysis works for tissues with dense, strongly aligned fibers,
but is not as well-suited for less dense fibrous networks and only provides bulk orientation
information for large groups of voxels analyzed together. Similarly, structure tensor-based analysis
of 3D image stacks can provide bulk anisotropy for an image stack but does not calculate
information about individual structures within the image stack.39 A vector summation technique
has been developed for 3D analysis of fiber orientation; this technique has the advantage of voxelwise analysis and low computational time, but fiber orientation calculations are only accurate to
an average of 4-5° under idealized conditions, and the technique cannot account for fiber branching
or calculate fiber diameter.27,40 A fiber middle-line tracing method was developed to extract fibers
from an image stack and calculate fiber diameter and length in addition to orientation for each
fiber.41,42 This method received an update in more recent years to the CT-FIRE application, but
still has limitations including difficulty identifying a fiber with high curvature in dense networks,
80

variation in fiber thickness within an image, and long computational times.43–46 Furthermore, while
the curvelet transform and fiber extraction algorithm used in CT-FIRE are adaptable to 3D
analysis, the current implementation in the publicly available application is limited to 2D.
CurveAlign, another fiber analysis tool created by the same team that developed CT-FIRE, which
can use data output by CT-FIRE, is suited for bulk assessment of a fibrous network, similar to FFT
analysis, but is not fit for individual fiber quantification.44,47 Thus, while there are a few options
for 3D fiber analysis, all current techniques are limited in accuracy, generalizability, and/or scope.
The importance of fiber topography for a broad range of biomedical research, along with
the increased use of multiphoton microscopy and optical clearing for creating large 3D images,
necessitates an accurate technique for quantifying properties of fibrous networks in image stacks.48
To this end, we present a highly accurate, novel fiber analysis algorithm to measure 3D fiber
orientation, fiber diameter, and fiber branching or intersections in image stacks containing
distinguishable fiber populations. We also introduce a parameter termed axial spherical variance,
which provides a quantitative representation of the degree of 3D alignment based on the
distribution of orientations within an image stack or region of interest.

5.2 Methods
Description of computational analysis
The algorithm developed in this study analyzes an image stack and determines the 3D fiber
orientation, fiber diameter, and fiber branch or intersection points on a voxel-wise basis. The only
required user inputs are the image stack itself and the voxel dimensions. The input image stack
must be grayscale with the intensity of all background voxels equal to zero; for most images, this
would require some image segmentation to isolate the fibrous network from the background noise
before analysis. The algorithm operates as described below.
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Pre-analysis overview
The first step of the fiber analysis algorithm is to perform a pre-analysis on the image stack to
determine initial local estimates of fiber orientation and diameter, which will be used as inputs for
the subsequent full analysis. The pre-analysis eliminates user input that would otherwise be
required and increases overall accuracy by using local estimates instead of a single global value.
To reduce computational time, only every fourth voxel in each dimension is analyzed.
Consequently, only one in sixty-four (i.e., four cubed) voxels are analyzed in the pre-analysis; this
factor was chosen to significantly reduce computational time while still achieving accurate
estimates which can be interpolated to nearby voxels. Only non-zero intensity voxels are analyzed
while any background zero-intensity voxels are passed over, and each voxel is analyzed
independently of any other voxel.
The pre-analysis is described briefly here (full details in Appendix A.1). First, a spherical
analysis window is created around the voxel of interest that includes all voxels at a distance less
than the window radius away that are connected to the voxel of interest through voxels of nonzero intensity. After forming the spherical analysis window, the values of two metrics are
determined, which dictate the subsequent steps: the number of objects on the surface of the window
(numObjs), and the volume ratio of the surface objects to the full surface of the spherical window
(surfRat). Generally, the pre-analysis begins with a small spherical window and proceeds by
incrementally increasing the window radius until the algorithm either identifies a small non-fiber
object (i.e., a roughly spherical-shaped object with no orientation) or contains a full fiber within
the window (Fig 5.1). The pre-analysis does not attempt to identify fiber intersections or fiber
ends. Where a fiber is identified, initial estimates of orientation and diameter are calculated as
described below.
82

Orientation and diameter calculation
To determine the orientation of the fiber passing through the voxel of interest, a line is fit
to the voxels in the spherical analysis window such that the sum of the squared perpendicular
distances from the line to each non-zero voxel, weighted by the intensity of each voxel, is
minimized (Fig 5.2(a-d)). The fitting parameters for this process are the components of two vectors
which define the line in 3D space: 𝐱 𝛼 , which has a magnitude equal to the window radius and
defines the physical location where the line intersects the surface of the spherical window, and 𝐯,
which is a unit vector that defines the orientation of the fiber. This process is defined
mathematically in Eq. (5.1), where 𝐱 𝑖 is the vector defining the physical location of each non-zero
voxel in 3D space relative to the voxel of interest, 𝑤𝑖 is the weight of that point, and 𝑛 is the
number of non-zero voxels in the reduced spherical window. Because the spherical window and
the vectors 𝐱 𝛼 , 𝐯, and 𝐱 𝑖 are defined in terms of physical distances instead of voxel indices, the
calculated orientation does not require further adjustment to account for unequal image resolution
in different dimensions (i.e., non-cubic voxels).
𝑛

min ∑ 𝑤𝑖 |(𝐱 𝛼 − 𝐱 𝑖 ) × 𝐯|2 such that {
𝐱𝛼 ,𝐯

𝑖=1

|𝐱 𝛼 | = window radius
|𝐯| = 1

(5.1)

Two phenomena account for the fact that there are four identical solutions to the minimization
problem in Eq. (5.1). First, because the line intersects the surface of the sphere at two distinct
points, there are two possible solutions for 𝐱 𝛼 . This is acceptable because of an important feature
of this vector: although 𝐱 𝛼 is necessary for the algorithm to define the location of the line, its value
is not of interest. Secondly, because these data are not directional (i.e., not having a head and tail),
both 𝐯 and −𝐯 give identical results. This is accounted for by treating the data as non-directional,
or axial, in subsequent analyses. Therefore, the minimization algorithm needs only to converge to
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one of the four possible solutions to define the orientation of a fiber passing through the voxel of
interest.

Figure 5.2. Schematic demonstrating orientation and
diameter calculations. (a) A spherical analysis
window is generated around a voxel of interest. (b)
Voxels with non-zero intensity are represented as
points in 3D space weighted by the intensity of each
voxel. (c) A line within the spherical window is
defined by the vectors x_α and v. (d) The line is fit to
the points through minimization of the sum of the
squared and weighted perpendicular distances from
each point to the line. (e) A plane which is
perpendicular to the calculated orientation and
coincident with the voxel of interest is constructed (f)
The 2D fiber cross-section is constructed using
nearest-neighbor interpolation onto the constructed
plane. The cross-sectional area is measured the fiber
diameter is calculated assuming a circular crosssection.

Figure 5.1. Examples of the various conditions which
are used in the fiber analysis algorithm. Each row
depicts a distinct condition based upon the values of
numObjs and surfRat to identify the contents of a
spherical analysis window. Decisions are made based
upon values of numObjs and surfRat to advance or
terminate the algorithm and identify specific features.
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The fiber diameter is calculated after the orientation has been determined (Fig 5.2(e, f)). A 2D
plane is constructed within the spherical window such that the plane is normal to the calculated
orientation vector and coincident with the voxel of interest at the center of the window. A grid is
constructed on the plane consisting of points equally spaced at a distance equal to the minimum
voxel dimension, and a 2D image of the fiber cross-section is created using nearest-neighbor
interpolation from the 3D window onto the grid. The cross-sectional area of the fiber from this
interpolated 2D image is measured and then the diameter is calculated assuming a circular crosssection. While not presented here, additional metrics of the fiber cross-section such as circularity
or aspect ratio could be determined if desired.
In both the orientation and diameter calculation, the analysis window is downsampled if the
radius is greater than or equal to sixteen times the minimum voxel dimension. The downsampling
rate is selected as the window radius divided by the product of eight and the minimum voxel
dimension, rounded down to the nearest integer. For example, if the window radius was 21.4μm
and the minimum voxel dimension was 0.75μm, then the window would be downsampled by a
factor of three. These criteria were established based on preliminary testing of the algorithm in
order to significantly reduce computational time for larger fibers while still maintaining a high
degree of accuracy.
Full analysis overview
The full analysis is described briefly here (full details in Appendix A.1). The initial estimates
of fiber orientation and diameter determined for the subset of voxels in the pre-analysis are used
as inputs for the full analysis. Voxels which were not analyzed during the pre-analysis use local
values for the estimates from the surrounding voxels. After assigning orientation and diameter
estimates, each non-zero voxel is analyzed independently.
85

The initial phase of the full analysis is similar to the pre-analysis, where the spherical window
radius starts small and incrementally increases until either a non-fiber object or a fiber is identified.
If a fiber is identified, the fiber orientation and diameter are calculated as described above. The
fiber orientation estimate is used as an initial guess to the solver for Eq. (5.1) to reduce
computational time. Then, after the orientation and diameter are determined, the window radius
continues to be incrementally increased up to a maximum of double the estimated fiber diameter
to evaluate the number of surface objects for each iteration. Using these values, the algorithm will
identify and label the voxel as either a fiber end, a fiber intersection, or a full singular fiber (Fig.
5.1).
After the full image stack has been analyzed, isolated voxels or small groups of voxels that
were identified as a fiber intersection yet do not cover the full cross-section of a fiber, thereby fully
separating multiple fiber segments, are reclassified as singular fibers to clean the image and leave
only intersections which separate distinct fiber segments. In addition, the calculated orientation
and diameter from voxels near fibers ends or where the voxel is within the calculated fiber diameter
at that voxel from the edge of the image stack are removed from the final distributions due to
elevated errors from reduced or incomplete information in these regions. Similarly, calculated
orientations and diameters of fiber intersections are removed because these parameters are
undefined where multiple fibers are present.
Axial spherical variance
Once the orientation vector 𝐯 has been determined for each non-zero voxel in the image,
the variation in the distribution of fiber orientations for the entire image stack, or for any particular
region of interest, can be calculated. In the case of directional data in 3D, the variance can be
calculated based on the magnitude of the mean direction vector.49 If the mean vector is defined as
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𝑛

1
𝐯̅ = ∑ 𝐯𝒊
𝑛

(5.2)

𝑖=1

where 𝑛 is the number of non-zero voxels with calculated orientations, and 𝑅̅ = |𝐯̅|, then the
directional spherical variance can be defined as
𝑉𝑑𝑖𝑟 = 1 − 𝑅̅ 2

(5.3)

This measurement generates a value between 0 and 1 that describes the variation in a
distribution of 3D directional data. However, this measure is not suitable for axial data where 𝐯𝑖
and −𝐯𝑖 are functionally equivalent. Therefore, we devised a modified spherical variance measure
suited for axial data.
̅ of the orientation distribution is calculated as follows:
First, the scatter matrix 𝐓
𝑛

1
̅ = ∑ 𝐯𝑖 𝐯𝑖 T
𝐓
𝑛

(5.4)

𝑖=1

The first eigenvector of this scatter matrix, 𝐭1 , defines the axis about which the orientation
distribution is most concentrated.49 To compute the clustering of the data around this axis, the
mean magnitude of the projection of each orientation vector onto 𝐭1 is calculated, given by
𝑛

1
𝑅̅𝐭 1 = ∑|𝐯𝒊 T 𝐭1 |
𝑛

(5.5)

𝑖=1

The parameter 𝑅̅𝐭 1 is analogous to 𝑅̅ for directional data. However, whereas 𝑅̅ has a range from
0 to 1, the possible values of 𝑅̅𝐭 1 are restricted to between ½ and 1. Consequently, the equation for
direction spherical variance (Eq. 5.3) was modified to incorporate the parameter 𝑅̅𝐭 1 while
maintaining a range between 0 and 1 for the computed variance. Therefore, axial spherical variance
was defined as
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1 2
̅
𝑉𝑎𝑥 = 1 − 4 (𝑅𝐭 1 − )
2

(5.6)

The axial spherical variance metric describes the variation in a distribution of 3D axial
data. A perfectly isotropic distribution will yield a variance of one (i.e., 𝑉𝑎𝑥 = 1) and a perfectly
aligned distribution will yield a variance of zero (i.e., 𝑉𝑎𝑥 = 0), as is the case with the directional
spherical variance.
Algorithm validation
The fiber analysis algorithm was validated using computer-generated phantom image stacks.
Multiple sets of phantoms were constructed to determine the effects of particular factors of image
content on algorithm performance; namely, fiber diameter, fiber density, and fiber curvature (Table
5.1). The effects of diameter, density, and curvature were determined by analyzing sets of
phantoms with variation in a single factor. Additionally, factors relating to image quality were also
investigated (Table 5.1). The effects of non-cubic voxels and image noise were evaluated by
downsampling a single complex phantom in the z-dimension and by artificially adding varying
levels of Gaussian noise to the same complex phantom, respectively. Parameters for fiber
segmentation after the addition of artificial noise were also varied to evaluate their effect on
algorithm performance. Additional phantoms were generated to qualitatively demonstrate the fiber
analysis algorithm and the axial spherical variance measurement. Details on phantom generation
are included in Appendix A.2.
For each phantom used for quantitative analysis, the error in the orientation calculation was
determined as the angular difference between the actual and calculated fiber orientations on a
voxel-wise basis. Similarly, the percent difference between the actual and calculated fiber of
diameters were determined for each analyzed voxel. The accuracy of intersection identification
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Table 5.1. Parameters for generation of phantoms used to validate the fiber analysis algorithm.

was represented by determining the false positive and the false negative rate: a false positive was
flagged if the algorithm identified an intersection which did not overlap with an actual intersection,
and a false negative was flagged if there was no intersection identified by the algorithm that
overlapped with an actual intersection. Furthermore, the total computational time and the
computational time per voxel was measured and reported. All analyses were performed utilizing
parallel processing on a computer with an eight-core 3.60 GHz processor and 64 GB of RAM.
Demonstration on biological images
After establishing the accuracy of the algorithm using phantom images, the fiber analysis
algorithm was used to analyze representative biological image stacks to demonstrate potential
applications. The superficial digital flexor tendon and a region of skin were harvested from the
distal region of a bovine hind limb acquired from a local abattoir. The fresh tendon was flash
frozen in optimal cutting temperature compound and sectioned to a thickness of 100μm on a
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cryostat, while the dermis of the skin was exposed and imaged without sectioning. Both samples
were imaged on a two-photon microscope (Olympus FV1000MPE) with a 25X water immersion
objective (numerical aperture = 1.05). Collagen was visualized using SHG (excitation: 840nm,
emission: 420-460nm) and elastic fibers were visualized using two-photon excited
autofluorescence (excitation: 840nm, emission: 495-540nm).50 Image stacks were acquired with a
x-y resolution of 0.497μm and a z-step of 1μm.
The elastin channel image stacks were segmented using MATLAB to isolate the elastic fibers
from background autofluorescence. Briefly, the elastin image stack was smoothed using Gaussian
filtering and then a median filter was applied to create the background, which was subsequently
subtracted from the original image. The image stack was then thresholded based on voxel intensity,
and volume objects smaller than 40 voxels in size were removed from the image to remove noise
and fully isolate the elastic fibers. The segmented image stacks were analyzed using the fiber
analysis algorithm.

5.3 Results
Qualitative algorithm demonstration
The fiber analysis algorithm was first used on small phantom image stacks to qualitatively assess
its performance. A visual inspection of the results from the two simple phantoms showed that the
algorithm was able to accurately determine fiber diameter as well as identify fiber intersections
and fiber ends (Fig 5.3). In the first test phantom, the range of fiber diameters was clearly portrayed
in the pseudocolored output image (Fig 5.3(b)). Additionally, each fiber intersection and fiber end
was correctly identified. Analysis of the second test phantom demonstrated robustness of the
algorithm across an assortment of image features including fiber curvature, non-constant diameter,
and complex intersections with multiple fibers (Fig 5.3(d)).
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Figure 5.3. Analysis of
simple
phantoms
for
qualitative evaluation of
algorithm performance. (a,
c) Original and (b, d)
pseudocolored
phantoms
after analysis. The algorithm
accurately calculated fiber
diameter and correctly
identified fiber intersections
and fiber ends.

Effect of fiber diameter
A set of ten phantoms, each containing fibers of a different diameter, were used to evaluate the
effects of fiber diameter on the accuracy of the fiber analysis algorithm (Fig 5.4). At very small
diameters, orientation errors were slightly elevated due to a lack of information; smaller diameter
fibers contain fewer voxels and therefore have fewer points to use to fit a line to (Fig 5.4(b)). Still,
the median error for the phantom containing small fibers with a diameter of 2 a.u. (one a.u. = length
of voxel edge in x- and y-dimensions) had a median error of only 0.76°. Errors in the diameter
calculation were slightly higher for small diameter fibers, which again is due to the lack of data
encapsulated within the phantom (Fig 5.4(c)). The diameter calculation yields discrete values
because the cross-sectional area will always be an integer multiple of the area of a single pixel in
the interpolated 2D cross-section. For a fiber diameter of 2 a.u. where the theoretical crosssectional area is 3.14 pixels, a difference of a single pixel in the fiber cross-section will change the
calculated diameter by over 15%. As the fiber diameter increased, the accuracy of both the
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orientation and diameter calculation increased up to a diameter of twelve voxels. At larger
diameters, both calculations implemented downsampling in order to save computational time and
there is a corresponding subtle increase in errors. However, results remain extremely accurate with
a median orientation error less than 0.08° and a median diameter error less than 1.27% for all
phantoms with a fiber diameter greater than 12 a.u.
Most phantoms analyzed in the set of varying diameters had no false positives and no false
negatives for intersection identification (Fig 5.4(d-e)). One phantom contained one false positive
intersection; the fiber analysis algorithm identified an intersection near, but not directly
overlapping with, an actual intersection and therefore was labeled as a false positive. There were
a total of three false negatives between two phantoms. Investigation into the labeled false negatives
revealed that in each case, two fibers had intersected at the end of both fibers, creating the
appearance of a single kinked fiber rather than multiple intersecting fibers. There were no notable
effects of fiber diameter on the false positive or false negative rates.
Computational time increased substantially with increasing fiber diameter (Fig 5.4(f)). There
are two causes for this observation. First, the phantoms with larger fibers contained more voxels
to be analyzed. Second, with the exception of phantoms with small diameter fibers where overhead
tasks dominated the computational time due to the sparse network, the computational time per
voxel increased with increasing diameter (Fig 5.4(g)). Voxels containing larger diameter fibers
require more iterations of the algorithm, with increased computational demands for each
successive iteration. Downsampling the analysis window for the orientation and diameter
calculation significantly shortened computational time but did not completely counteract the
diameter-dependent increase in computation.
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Figure 5.4. Effects of fiber diameter
on algorithm performance. (a)
Representative phantoms with
varying fiber diameter.
(b)
Orientation errors decreased with
increasing diameter and eventually
plateaued due to downsampling. (c)
Diameter errors decreased with
increasing diameter and eventually
plateaued due to downsampling. (d)
One false positive and (e) three false
negative
intersections
were
identified within this set of
phantoms. (f) Total computational
time increased with increasing
diameter. (g) Computational time
per voxel generally increased with
increasing diameter. Data are shown
as median and interquartile range.

Effect of fiber density
The effect of fiber density on algorithm performance was determined by generating and
analyzing phantom image stacks with different numbers of fibers (Fig 5.5). There was a very slight
increase in orientation errors with increasing fiber density; however, errors still remained low for
all phantoms analyzed with the median error peaking at 0.22° (Fig 5.5(b)). This density-dependent
increase in orientation error was due to voxels residing near fiber intersections having slightly
greater errors than voxels not near an intersection. The diameter calculation was not affected by
fiber density; the median diameter error remained constant at 1.27% (Fig 5.5(c)).
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Intersection identification of the phantoms with varying densities yielded few false positives
and false negatives (Fig 5.5(d-e)). A single false positive was identified in one of the phantom
image stacks, again where a group of voxels was identified as an intersection near but not
overlapping with an actual fiber intersection. Six out of ten phantoms contained false negatives,
yet the false negative rate remained at or below 3.57%. As before, each false negative was in a
location where the ends of two fibers overlapped to form the appearance of a single kinked fiber.
The average computational time per voxel was unaffected by fiber density, while the total
computational time increased with increased density because of the greater number of voxels to
analyze (Fig 5.5(f-g)).
Effect of fiber curvature
Phantoms containing fibers with complex 3D curvature were generated to determine the effect
of fiber curvature on algorithm performance (Fig 5.6). Within this set of phantoms, fibers followed
the path of a sine wave that oscillated in a direction defined by a helix. Curvature was varied
indirectly by changing the amplitude of the sine wave used to create the fibers. Orientation errors
were greater in curved fibers compared to straight fibers of the same diameter (Fig 5.6(b)). This
effect was simply due to the error introduced with fitting a straight line to a curved fiber segment.
Still, the results were highly accurate and the median orientation error stayed below 0.84° for all
phantoms analyzed. For large amplitudes, curvature was low for regions of the fibers between the
peaks and troughs of the wave and consequently the median orientation errors began to decrease
for large amplitudes, while errors near the peaks and troughs were still modestly elevated. The
accuracy of the diameter calculation was unaffected by fiber curvature with the median error steady
at 1.27% (Fig 5.6(c)).
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Out of the eleven phantoms with varying fiber curvature, there were no phantoms which
contained any false positives for intersection identification and only one phantom where two false
negatives were found (Fig 5.6(d-e)). As before, the false negatives were in locations where the
ends of two fibers overlapped, creating the appearance of a single kinked fiber. The average
computational time per voxel was unaffected by fiber curvature, while the total computational time
saw a modest increase with increasing curvature due to having more voxels to analyze (Fig 5.6(fg)).

Figure 5.5. Effects of fiber density
on algorithm performance. (a)
Representative phantoms with
varying
fiber
density.
(b)
Orientation errors had a subtle
increase with increasing fiber
density. (c) Diameter errors were
unaffected by fiber density. (d) One
false positive and (e) eleven false
negative
intersections
were
identified within this set of
phantoms. (f) Total computational
time increased with increasing fiber
density. (g) Computational time per
voxel was unaffected by fiber
density. Data are shown as median
and interquartile range.

95

Figure 5.6. Effects of fiber
curvature
on
algorithm
performance. (a) Representative
phantoms with varying fiber
curvature. (b) Orientations errors
were greater with curved fibers. (c)
Diameter errors were unaffected by
fiber curvature. (d) Zero false
positive and (e) two false negative
intersections were identified within
this set of phantoms. (f) Total
computational time increased subtly
with increased fiber curvature. (g)
Computational time per voxel was
unaffected by fiber curvature. Data
are shown as median and
interquartile range.

Effect of image quality
Analysis of the original complex phantom image stack with randomized fiber diameter,
curvature, and intensity yielded accurate results with a median orientation error of 0.82°, a median
diameter error of 1.03%, and no false negatives or false positives out of 101 total intersections (Fig
7; x-y:z ratio = 1:1). Because acquired image stacks typically have different resolution in the x-y
and the z directions, the ratio between the resolutions in these dimensions was varied by
downsampling the image in the z-dimension to create non-cubic voxels and determine its effect on
algorithm performance (Fig 5.7(a)). There was a slight increase in errors for both orientation and
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diameter calculations with increased resolution ratio, which was caused by loss of data in the zdimension (Fig 5.7(b-c)). A small number of false positives appeared at larger resolution ratios
where there was only a small gap between fibers in the z-dimension which disappeared at larger
ratios (Fig 5.7(d)). At the largest ratio of 1:4, a small number of false negatives appeared (Fig
5.7(e)). Each of these false negatives included a small diameter fiber which became disconnected
due to image downsampling. Despite the increase in errors, the extreme case of the 1:4 resolution
ratio still had a low median orientation error of 1.78° and median diameter error of 3.37%.
The effect of image noise was evaluated by artificially adding Gaussian noise to the complex
phantom and subsequently isolating the fibers from the background noise by using Gaussian
filtering and intensity thresholding (Fig 5.7(f)). After fiber isolation, notable effects on the
phantom were decreased intensity of smaller fibers, reduced clarity within the fibers, and irregular
fiber edges. There was a slight increase in orientation errors up to a peak median error of 1.08°
with the addition of image noise, which can be attributed to the reduced clarity of the intensity
profile within individual fibers (Fig 5.7(g)). Because the fiber cross-sections were less circular due
to irregular fiber edges, diameter errors became elevated with added noise (Fig 5.7(h)). Still, the
median diameter error peaked at only 3.53%. A small number of false positives and false negatives
appeared for intersection identification after the addition of noise to the phantom image stack (Fig
5.7(i-k)). These false responses occurred as a result of image quality loss, where a small gap
between fibers was blurred together to create a contact point between the fibers, thus creating a
false positive, or a small gap appeared between originally contacting fibers, thus creating a false
negative.
Proper fiber segmentation is necessary for use of the fiber analysis algorithm. While there are
numerous options for background subtraction, filtering, and thresholding, the effect of two specific
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Figure 5.7. Effects of image quality on algorithm performance. (a) Original complex phantom and phantom after downsampling to achieve 1:4 resolution
ratio. (b) Orientation error increased with increasing resolution ratio. (c) Diameter error increased with increasing resolution ratio. (d) Ten false positive and
(e) five false negative intersections were identified within this set of phantoms. (f) Random Gaussian noise was added to the original phantom, which was
subsequently filtered and thresholded to isolate the fibers from the background noise (g) Orientation error had a subtle increase with the addition of image
noise. (h) Diameter error increased with the addition of image noise. (i) Five false positive and (j) seven false negative intersections were identified within this
set of phantoms. (k) Gaussian smoothing kernel size had no effect on orientation error, (m) and the diameter error subtly increased with increasing kernel size.
(n) Eight false positive and (o) five false negatives intersections were identified within this set of phantoms. (p) The intensity threshold had no effect on
orientation error. (q) Diameter error was affected by intensity threshold with the best results achieved with a threshold of 0.12 a.u. (n) Six false positive and
(o) fourteen false negatives intersections were identified within this set of phantoms. False positives decreased and false negatives increased with increasing
intensity threshold. Data are shown as median and interquartile range.

techniques are presented here to demonstrate how fiber segmentation may affect results. Varying
the size of the Gaussian kernel had a minimal effect on algorithm performance where the only
evident trend was a subtle increase in fiber diameter errors with increasing kernel size (Fig 5.7(m)),
while orientation errors and intersection identification were unaffected (Fig 5.7(k, n-o)). The
intensity threshold also did not affect orientation errors (Fig 5.7(p)) but did produce a more
noticeable effect on the diameter calculation and intersection identification (Fig 5.7(q-s)). A low
intensity threshold generated fibers with larger diameters than ground truth, thus creating false
positive intersections, while a high intensity threshold generated fibers with smaller diameters than
ground truth, thus creating false negative intersections. Still, there was a range of threshold values
that produced low errors overall.
Demonstration of axial spherical variance
Representative phantoms with differing degrees of alignment were generated and analyzed to
demonstrate various axial spherical variance values (Fig. 5.8). Variance values qualitatively match
well with the observed degree of alignment in the phantoms. At the extremes, perfectly aligned
fibers yielded a variance of 0 and randomly oriented fibers yielded a variance of 0.97. Intermediate
axial spherical variance values were computed for phantoms with moderate amounts of anisotropy.
Differences between the axial spherical variance determined using the calculated orientation
distribution and the actual orientation distribution were less than or equal to 0.006 for each
phantom.
Analysis of elastic fibers
Application of the fiber analysis algorithm and axial variance measure were demonstrated on
the elastic fiber network of tendon and skin tissue. The computational time required to analyze the
tendon and dermis elastin image stacks were 26.3 and 23.7 minutes, respectively. Both image
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Figure 5.8. Calculated axial spherical variance values for phantoms with varying degrees of alignment. Variance values
correspond well will the qualitatively observed degree of alignment.

stacks showed a low amount of elastic fiber branching: in tendon, 3.2% of the non-zero voxels
were identified as part of an intersection, while 2.0% were identified as an intersection in dermis.
In tendon, relatively straight elastic fibers were sparsely distributed within the dense collagen
network (Fig. 5.9(a, b)). Analysis of the elastic fibers revealed strong alignment along a single
axis, as demonstrated by a low axial variance value of 0.09 (Fig. 5.9(c)). As expected, the
orientation distribution was sharply bipolar, indicating that the fibers were oriented along a single
axis. The average diameter of elastic fibers in the tendon image was 2.63 μm2 (Fig 5.9(d)). In
dermis, elastic fibers generally conformed to the same orientation pattern as the collagen, which
formed sheets with alternating orientations along the depth of the tissue (Fig. 5.9(e, f)). The dermal
elastic fibers yielded an axial variance value of 0.35, indicating that these fibers were less aligned
than the elastic fibers in tendon (Fig. 5.9(g)). The fibers were aligned within the plane parallel to
the surface of the dermis and displayed multiple distinct peaks rather than a continuous spectrum
of orientation; this observation was in agreement with the elastic fibers being aligned with the
collagenous sheets of alternating orientations that make up the dermis. The elastic fibers in the
dermis image were slightly smaller than those found in tendon with an average diameter of 1.94
μm2 (Fig 5.9(h)).The observed differences in the orientation distribution of elastic fibers between
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Figure 5.9. (a) Image stack of collagen (red) and elastin (green) in bovine superficial digital flexor tendon acquired using
second-harmonic generation and two photon-excited autofluorescence, respectively. (b) Isolated elastin channel showing
only elastic fibers in tendon. (c) Spherical histogram representing the bipolar orientation distribution of elastic fibers and
(d) distribution of calculated elastic fiber diameters in the tendon image stack. (e) Image stack of collagen (red) and
elastin (green) in bovine dermis acquired using second-harmonic generation and two photon-excited autofluorescence,
respectively. (f) Isolated elastin channel showing only elastic fibers in dermis. (g) Spherical histogram representing the
orientation distribution of elastic fibers in the dermis, where the peaks of the distribution were aligned within the plane
parallel to the surface of the dermis. (h) Distribution of calculated elastic fiber diameters in the dermis image stack.

tendon and skin are related to the functional differences between the tissues: whereas tendon
experiences tension along a single axis, skin is stretched in multiple directions within the tissue
plane.

5.4 Discussion
We have demonstrated the high accuracy of a novel fiber analysis algorithm to determine
the voxel-wise 3D fiber orientation, fiber diameter, and identify fiber branching or intersections in
image stacks of biological tissues. The algorithm can identify the orientation of a fiber to within
1°, even with complex curvature. Likewise, diameter calculations were shown to be precise to
within less than 2% of the actual value, with the exception of very small diameter fibers relative
to the voxel dimensions. Fiber intersections were correctly identified by the algorithm with very
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few exceptions; combining the data from the 31 phantoms analyzed in Figs 4-6, the overall false
positive rate was 0.1% and the overall false negative rate was 0.9%. The false positives resulted
from the algorithm identifying an intersection near, but not directly overlapping with, an actual
intersection. This occurred when there was a small extension of a fiber going past the intersection,
which was a rare occurrence. The false negatives resulted from the overlapping of two fiber ends
to create the appearance of a single kinked fiber. While the code to test the algorithm identified
these as false negatives, they truly had the appearance of a single fiber and therefore do not pose
any problem for algorithm performance. In an actual image where there is no a priori knowledge
of the fibrous network, the desired result would be to not label a single kinked fiber as an
intersection. In addition, intersection identification errors in the phantoms with increased
resolution ratios and added noise resulted not from a fault of the algorithm but from a decrease in
image quality where the data in the processed phantom were not completely true to the data in the
original phantom. Similarly, results were dependent on accurate fiber segmentation prior to
analysis in image stacks with substantial background noise. As with any image analysis technique,
the accuracy of the analysis was only as good as the quality of the image stack that was analyzed.
Still, even in the extreme cases presented, all errors and error rates remained very low.
Unlike DT-MRI and polarized-light microscopy techniques, the analysis performed by this
algorithm occurs entirely post-processing and therefore is not limited to any specific imaging
modality. It is difficult to make direct comparisons of accuracy between techniques due to lack of
thorough validation or variation in validation used for different techniques and differences in
output between different techniques (i.e., bulk data vs. fiber-wise data vs. voxel-wise data). Still,
the accuracy of the orientation calculation was significantly greater than that of other 3D
techniques with published orientation errors.27,42 The most similar method to the fiber analysis
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technique presented herein is the vector summation technique developed by Liu and colleagues,
which calculates and outputs voxel-wise 3D fiber orientation but is only accurate to an average of
4-5° on markedly simple phantoms containing straight fibers of a constant diameter without
intersections.27 This vector summation technique requires the user to select a window size which
influences the results of the analysis, while our technique does not require user input other than
the image stack itself and the voxel size. The requirement of a window size input also limits the
analysis of image stacks with a wide range of fiber diameters, which is a limitation shared by CTFIRE but overcome with our pre-analysis step to calculate local fiber diameter estimates within
the image stack. Additionally, while large errors result at fiber branch points or fiber ends using
the vector summation technique because these features are left unaccounted for, our fiber analysis
algorithm was able to correctly identify these features and properly account for them in the final
analysis. Identification of fiber branch points not only reduced errors in calculations introduced by
these features but was also of importance as an independent property of the fibrous network which
most other techniques cannot determine. In addition, the inclusion of an accurate fiber diameter
calculation further elevates the superiority of our fiber analysis algorithm when compared to the
vector summation technique and other previously available methods for analysis for individual
fibers.
The most significant limitation of this algorithm is that it is only capable of analyzing image
stacks with distinguishable fiber populations (i.e., containing empty space between fibers). Any
background signal or excessive noise in the image stack must be removed prior to analysis. On
most images, this requires some combination of filtering, background subtraction, and
thresholding to isolate the fibers, as was demonstrated after adding noise to the complex phantom
(Fig 7(f)). Because the performance of the fiber analysis algorithm is dependent on accurate fiber
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segmentation, users of the technique should take care to choose the methods that produce the
highest quality segmented image stacks and use consistent image acquisition settings and
segmenting parameters across all images in a study for the most reliable results. The Gaussian
filtering and intensity thresholding used herein are not intended to serve as a comprehensive guide
to fiber segmentation but rather as a demonstration of one option of many and corresponding
effects on algorithm performance. Of course, the key to accurate fiber segmentation is acquiring
images with a high signal-to-noise ratio. Fiber populations where individual fibers are not able to
be distinguished due to high density, such as the collagen shown in Fig. 9(a, d), would require an
alternate analysis method better suited to determine bulk properties of dense fibers instead of
analyzing individual fibers. Another limitation is the significant computational time required for
analysis. Our biological image stacks took between 23 and 27 minutes to analyze, yet the time will
vary significantly depending on image size, density, and fiber diameter, as well as available
computational power. Still, for most applications, the greater accuracy achieved with our algorithm
is likely to be considered worth the additional computational time. For image stacks where each
fiber has a large diameter relative to the resolution of the image, it would be possible to
downsample the entire image stack prior to analysis to significantly reduce computational time.
Furthermore, as stated above, errors for orientation and diameter can be elevated for small diameter
fibrils. However, it is not the true diameter, but the diameter relative to the voxel dimensions, that
is important in this respect. If the cross-section of a fiber only covers a small number of pixels,
there is little data available for calculations and a difference of a single pixel can create a large
difference in the calculated diameter. The simple remedy to this problem, if possible, is acquiring
higher resolution images. In the event that the resolution limit has been reached, the fiber analysis
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algorithm can still be used while being aware of the chance of greater errors, particular in the
diameter calculation.
The fiber analysis algorithm presented herein has potential applications across a wide
spectrum of biomedical research, where our proposed measure of axial spherical variance can be
used to make easy-to-understand comparisons between the degree of fiber alignment in distinct
experimental groups. Visualization of the 3D orientation distribution using spherical histograms
can demonstrate the general shape of the distribution and further distinguish between groups.
Moreover, accurate identification of fiber intersections or branch points and measurement of fiber
diameter will be of use to provide an additional metric of fibrous networks to relate to ECMdependent outcomes. As we have demonstrated, the algorithm can be used to analyze elastic fibers
in native tissue imaged using the distinct autofluorescence of elastin; however, the algorithm is not
limited to any specific type of fiber or any particular imaging modality. Rather, it can be used to
readily quantify orientation distributions within any image containing distinguishable fibers or
fiber-like structures. Therefore, this fiber analysis algorithm has broad potential to aid research to
understand the relationships between ECM topography and biomechanics, cell-ECM interactions,
injury, and disease.
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Chapter 6: Fascicular elastin contributes to
the magnitude and non-linearity of the elastic
stress response of tendon across tendon type
and species
6.1 Introduction
Elastic fibers are an integral part of the extracellular matrix (ECM) of tendon. These elastic
fibers are composite structures comprised of a scaffold of fibrillin-based microfibrils with a dense
core of heavily cross-linked elastin.1 Within fascicles – the largest hierarchical subunit of tendon
– elastic fibers are relatively sparse and strongly aligned with the long axis of the tendon.2
Conversely, elastic fibers located between fascicles in the interfascicular matrix (IFM) have been
described as a denser mesh-like network.3,4
Clinical trends suggest an important role for elastic fibers in maintaining healthy tendon
function. Heritable disorders that affect elastic fibers such as Marfan syndrome, Williams-Beuren
syndrome, and cutis laxa can cause changes to joint laxity, indicative of compromised mechanical
integrity of the tendons and other connective tissues within the joint space.5–8 Furthermore, elastic
fiber degradation during aging may be a cause for increased risk of tendon injury in the elderly
population, possibly due to a loss of fatigue resistance.4,9,10
It is hypothesized that elastin contributes to the mechanical properties of tendon by acting
as a linking component between adjacent bundles of collagen and regulating collagen
reorganization in response to loading.5 Recent research using elastinopathic mouse models, either
with reduced elastin content (Eln+/-) or disconnected and globular elastic fiber nanostructure
(Fbln5-/-), has demonstrated that mouse tendon that develops without a normal elastic fiber
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network are stiffer than wild-type controls.11,12 This effect is especially true of the Achilles tendon
(AT) which has greater mechanical demands and is often classified as an energy-storing tendon,
as opposed to positional tendons that experience lower strains during physiological loading.13
Another technique that has been used to evaluate the contribution of elastic fibers to tissue
mechanics is enzymatic treatment using elastase to break down elastin within the tissue; however,
elastase-based studies have yielded inconsistent results. Some studies have reported changes to
tendon and ligament tensile mechanics upon elastase treatment including decreased linear
modulus, increased hysteresis, decreased failure stress, and increased transition strain, yet others
reported no changes to these same measurements.14–17 The effect of elastase treatment on shear
properties seems to be more pronounced; separate studies consistently reported decreased stress
upon shear loading in tendon and ligament samples.18,19 Additionally, isolated tendon IFM
displayed a considerable decrease in fatigue resistance upon elastase treatment.10
Some of the seemingly conflicting results of these studies may be accounted for by
differences in experimental design, particularly in the ability to resolve subtle changes by
normalizing data to account for sample variability. Still, much of what may appear to be
contradictory results could potentially be resolved by accounting for which tendon was used in
these elastase experiments. As mentioned previously, prior work using mouse models
demonstrated a more substantial role for elastic fibers in energy-storing tendons compared to
positional tendons.11 Furthermore, elastin content has been shown to be greater in energy-storing
horse tendons than in positional tendons from the same limbs.4 This information suggests that
elastase treatment would have a larger impact on tendons with a more energy-storing function. In
addition to differences between tendon types due to functional requirements, differences in tendon
structure between different species could also lead to divergent responses to elastase. Smaller
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tendons from mice or rats lack the elastin-dense IFM that is present in tendons from larger animals
and humans.20 Because of the different distributions of elastic fibers within the IFM and within the
fascicles of tendon, it is likely that interfascicular elastin and fascicular elastin function through
different mechanisms. Consequently, elastase treatment of smaller tendon that lacks IFM may
yield different results than larger tendon where the fascicular structure and IFM are present.
Because of this variation in elastin content and distribution between different types of
tendons, it is essential to account for tendon type in order to reach a comprehensive understanding
of how elastic fibers affect tendon mechanics. Fully appreciating differences between tendons
could also lead to progress in tendon-specific injury prevention and treatment. In this study, we
sought to measure elastin content and distribution in a wide range of distinct tendons from various
mammalian species and perform mechanical testing in conjunction with elastase treatment to
evaluate the effect of elastin degradation on tensile mechanics of each tendon type. The study was
designed to include samples that spanned a range of hierarchical organizations and functional
demands.

6.2 Methods
Sample collection
Tendons were harvested from C57BL/6 mice (4-5 months, mixed sex), Long-Evans rats
(4-5 months, male), mongrel dogs (2 years, female), duroc pigs (4-5 months, mixed sex), black
angus cows (15-16 months, mixed sex), and humans (37-95 years, mixed sex). Due to the
anatomical differences between these species, it has been proposed that the energy-storing
superficial digital flexor tendon (SDFT) and the position long digital extensor tendon (LDET) of
hooved mammals are functionally analogous to the AT and the tibialis anterior tendon (TBAT),
respectively, of humans and other non-hooved mammals.21 Consequently, the SDFT and LDET
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were harvested from pig and cow hind limbs, and the AT and TBAT were harvested from mouse,
rat, dog, and human limbs as representative energy-storing and positional tendons that can be
compared between species.
Mouse tendons were either harvested immediately after euthanasia and flash frozen in
optimal cutting temperature compound (OCT) for two-photon microscopy or stored at -20 °C until
later use for compositional analysis or mechanical testing. Rat and dog tendons were harvested
from animals used in other studies and stored at -20 °C. Pig and cow hind limbs, purchased from
a local abattoir, were harvested immediately and flash frozen in OCT for two-photon microscopy
or stored at -20 °C until later use for compositional analysis or mechanical testing. Human tendons
used for compositional analysis and mechanical testing were acquired through anatomical
donations at the Washington University in St. Louis School of Medicine (age range 79-95 years).
Separate human tendon samples used for two-photon microscopy were freshly harvested from
individuals undergoing below knee amputation; small pieces of tendon (~1 cm3) were immediately
flash frozen in OCT for two-photon microscopy (age range 37-63 years). The cause of amputation
was failure of prior orthopaedic surgery, complications from trauma, osteomyelitis, or Charcot
foot deformity. All tendon tissue appeared visually normal with no evidence of disease or damage.
All experiments were performed with approval from the Institutional Animal Care and Use
Committee and the Institutional Review Board.
Compositional analysis
Energy-storing and positional tendons from all six species were used for compositional
analyses as described previously (n=4-6 per group).22 Briefly, a segment of the tendon
midsubstance was isolated and weight was recorded before and after lyophilization. Samples were
hydrolyzed in 6N hydrochloric acid at 100 °C for 48 hours, dried, and rehydrated in water.
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Collagen content was measured using a Chloramine-T and Erlich’s solution colorimetric assay
using a standard curve of pure hydroxyproline, assuming collagen contains 13.5% hydroxyproline
by mass.22 Elastin content was measured using a competitive enzyme-linked immunosorbent assay
with an anti-desmosine antibody measured using a standard curve of purified elastin, assuming the
ratio of desmosine to elastin was consistent between all samples and the elastin used for the
standard curve.
Tendon composition data were analyzed using a linear mixed model that included species,
tendon type (i.e., energy-storing vs. positional), and the species-tendon type interaction as fixed
effects, and included donor as a random effect. Post-hoc comparisons of predicted means with
Bonferroni correction were performed within significant highest-order fixed model effects.
Based on results from elastin content determination (see Results section), tendons from mouse,
cow, and human were selected for further analysis.
Two-photon microscopy
Three-dimensional image stacks of elastin, collagen, and cell nuclei in energy-storing and
positional mouse, cow and human tendons were acquired using two-photon microscopy (n=5 per
group).
Mouse tendons were freshly harvested and immediately flash frozen in OCT. The tendons
were transversely sectioned using a cryostat to a thickness of 150 µm. After rinsing the sections in
0.1X PBS for 5 minutes three times to clear off the OCT, sections were incubated in 16 µm Alexa
Fluor 633 Hydrazide and 8 µg/mL Hoechst 33342 in a blocking solution of 1% bovine serum
albumin and 0.05% Triton-X in 0.1X PBS for 2 hours to fluorescently label elastin and cell nuclei,
respectively.23 Sections were then rinsed an additional three times in 0.1X PBS for 5 minutes each.
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Small pieces (~1 cm3) of cow and human tendons that were freshly harvested were immediately
flash frozen in OCT. A cryostat was used to remove tissue from opposite ends of the sample in a
transverse orientation. Subsequently, samples were rinsed in PBS, incubated in 2 µm Alexa Fluor
633 Hydrazide and 1 µg/mL Hoechst 33342 in the blocking solution described above to
fluorescently label elastin and cell nuclei, respectively.23 Samples were incubated in serial
solutions of 30% fructose, 60% fructose, and 90% fructose with 0.5% α-thioglycerol in 0.1X PBS
for 2 hours each and then left in the 90% solution overnight to optically clear the tissue.24
Three-dimensional (3D) image stacks were acquired using a two-photon microscope.
Collagen was imaged using second harmonic generation (excitation 1200nm; emission 595605nm), while elastin and cell nuclei were fluorescently imaged using the labels listed above
(excitation 810nm; emission 640-660nm and 440-500nm, respectively). Two image stacks were
acquired at randomly selected locations from the cow and human tendon samples. Because the
mouse tendon sections were mostly captured within a single field of view, only one image stack
was acquired per mouse tendon sample.
Regions of IFM and fascicular matrix (FM) in the image stacks were separated using
manual tracing of the collagen signal without knowledge of the elastin or cell nuclei signals to
avoid bias in the tracing. Elastic fibers were isolated from background signal in the elastin channel
using background subtraction and automated intensity thresholding. Similarly, cell nuclei were
isolated using automated thresholding. The elastic fiber network was analyzed using a voxel-wise
3D fiber analysis algorithm to calculate fiber orientation and connectivity.25 For cow and human
image stacks, the voxel-wise data were combined across the two acquired images to compute
average values for each tendon sample.
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Quantitative data from two-photon microscopy were analyzed using a linear mixed model
that included species, tendon type, region (i.e., FM vs. IFM), the species by tendon type interaction,
and the tendon type by region interaction as fixed effects, and included donor as a random effect.
The interaction between species and region and the three-way interaction between species, region,
and tendon type were not included because mouse tendon lacked data across both regions, making
it not possible to analyze these effects while including the entire dataset. Post-hoc comparisons of
predicted means with Bonferroni correction were performed within significant highest-order fixed
model effects.
Elastase verification
Mouse AT and cow SDFT were used to confirm elastin degradation upon exposure to
elastase (n=3-4 per group). Mouse ATs were isolated and clamped on opposite ends to simulate
conditions for mechanical testing, then incubated in an elastase solution containing 0.1 mg/mL of
soybean trypsin inhibitor and 4.0 units/mL of porcine pancreatic elastase against the Suc-(Ala)3p-nitroanilide substrate in PBS or a control solution containing 0.1 mg/mL soybean trypsin
inhibitor in PBS for 2 hours at 37 °C. Similarly, 90-mm-long segments from the midsubstance of
cow SDFTs were isolated and the ends were wrapped in latex and clamped to simulate conditions
for mechanical testing. The SDFT segments were incubated in the same elastase solution or control
solution for 24 hours at 37 °C.
Following incubation, tendons were flash frozen in OCT and transversely sectioned to a
thickness of 80 µm. The tendon sections were imaged using a two-photon microscope using a 25
X/0.95 NA water immersion lens. Images were taken of the cow SDFT at 1 mm increments from
the edge of the tendon; the mouse AT cross-section was largely contained within a single field of
view. Elastin was imaged using two-photon excited autofluorescence (excitation 880 nm; emission
115

495-540 nm) and collagen was imaged using second harmonic generation (excitation 880 nm;
emission 400-440 nm). The elastin was isolated from the background autofluorescence using
background subtraction and automated thresholding, and the volume ratio of elastin to collagen in
each image was calculated using an intensity threshold to determine collagen volume.
Elastase verification data were analyzed using linear mixed models. Mouse data included treatment
as a fixed effect and donor as a random effect. Cow data included treatment, distance from tendon
edge, and their interaction as fixed effects, with donor included as a random effect. Post-hoc
comparisons of predicted means with Bonferroni correction were performed within significant
highest-order fixed model effects.
Mechanical testing
Mechanical testing was performed on energy-storing and positional tendons from mice,
cows, and humans before and after incubation in either elastase or control solution, described
above (n=5-7 per group). Testing using incubation in control solution was necessary to account
for changes to mechanical properties that result from repeated mechanical testing and from
extended incubation periods. Using this approach, data can be normalized within samples to the
pre-incubation properties, and can also be normalized between treatment groups (i.e., without or
with elastase) to fully isolate the effects of elastin degradation on tendon mechanics.
Mouse tendons were isolated from surrounding tissue and cross-sectional area (CSA) was
measured using a laser scanning device. Samples were clamped between pieces of sandpaper to
prevent slipping in a custom fixture. After loading the fixture in the testing machine and
establishing a pre-stress of 0.5 MPa, samples were subjected to a mechanical test consisting of ten
cycles of preconditioning to 6% strain at a rate of 1 %/s, 10 minutes of stress relaxation at 6%
strain, and three triangular loading curves to 2%, 4%, and 6% strain at a rate of 1 %/s, with one
116

minute of rest between each segment of the test. After the initial test, the clamp fixture was
removed and incubated in either control or elastase solution while maintaining the gauge length at
37 °C for 2 hours. The samples were re-tested following the incubation using the test protocol
described above.
Cow and human tendons were cut to a length of 90 mm and thinned to a thickness of 1.52.0 mm using a freezing stage microtome to improve clamping and to ensure complete penetration
of elastase into the samples (see Results section). After samples were thinned, CSA was measured
using a laser scanning device. The central 40 mm of each sample was wrapped in PBS soaked
gauze while the ends were left exposed, and the sample was placed in a room at 37 °C for 1.5 hours
to dry the tendon ends for improved clamping. Samples were then clamped between pieces of
sandpaper in a custom clamping fixture, and clamps were sealed with putty to prevent rehydration
of the tendon ends. After loading the fixture in the testing machine and establishing a pre-stress of
0.5 MPa, samples were mechanically tested using the same protocol listed above for mouse tendon,
incubated in either control or elastase solution at 37 °C for 24 hours, and then re-tested using the
same protocol.
For all tests using elastase, the activity of the solution against the elastase substrate Suc(Ala)3-p-nitroanilide was monitored daily by measuring the rate of change of absorbance at 410
nm during the initial reaction between the elastase solution and substrate to ensure consistency
between tests. When the activity dropped below 3.6 units/mL, additional elastase was added to
return the activity to 4.0 units/mL.
Stress relaxation data were analyzed using quasi-linear viscoelastic (QLV) theory, where
the stress relaxation response over time is given by the convolution integral of the reduced
relaxation function (G(t)) with the instantaneous elastic stress response (σe(ε)).26 The forms of the
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instantaneous elastic stress response and the reduced relaxation function used in this study are
given in equations (6.1) and (6.2), respectively.27–29

𝐺(𝑡) =

𝜎 𝑒 (𝜀) = 𝐴(𝑒 𝐵𝜀 − 1)

(6.1)

1 + 𝐶[𝐸1 (𝑡/𝜏2 ) − 𝐸1 (𝑡/𝜏1 )]
1 + 𝐶 ln( 𝜏2 /𝜏1 )

(6.2)

The material constants A and B describe the magnitude and nonlinearity of the elastic stress
response, respectively, C describes the shape of the relaxation function, and τ1 and τ2 are the
relaxation time constants. The QLV model was fit to the ramp and relaxation data to determine
these five material constants for each sample (Fig 6.1(a, b)). Details on the model fitting are
included in Appendix A.3.30
Hysteresis values were calculated from the three triangular loading waveforms to 2%, 4%,
and 6% strain as the difference between the integrals of the loading and unloading curves divided
by the integral of the loading curve. The modulus was determined through a linear regression fit
to the data from the final 0.5% strain of the ramp to 6% strain. The transition point between the
toe and linear region was determined from the intersection of the loading curve and a parallel line
offset by 0.5% from the regression modulus line (Fig 6.1(c)).
To ensure the samples used across the control and elastase treatment groups had similar
baseline mechanics, the pre-incubation mechanical properties from tendons within each subgroup
of species and tendon type were analyzed using a linear mixed model with treatment as a fixed
effect and donor as a random effect.
To compare baseline properties across species and tendon time, pre-incubation mechanical
properties were analyzed using a linear mixed model with species, tendon type, and their
interaction as fixed effects, and donor as a random effect. Post-hoc comparisons of predicted means
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Figure 6.1. Analysis of mechanical testing data. Representative QLV fitting to the (a) ramp and (b) relaxation portions
of stress relaxation. (c) Hysteresis is calculated from the integrals of the loading and unloading curves. The modulus
is determined by linear regression to the final 0.5% strain of the loading curve, while the transition stress and strain
are calculated from the intersection of a parallel line offset by 0.5% strain from the fit modulus line with the loading
curve.

with Bonferroni correction were performed within significant highest-order fixed model effects.
These data and the corresponding analysis are included in Appendix A.4.
Finally, mechanical data were analyzed to evaluate the effects of elastase on mechanical
properties. All data were normalized within each sample by subtracting the post-incubation
measurements from the pre-incubation measurements (Fig 6.2(a, b)). Within the control groups,
these values represent the effect of repeated mechanical testing, while in the elastase groups, these
values represent the sum of the effect of repeated mechanical testing and the effect of elastase
treatment. These normalized data were analyzed using a linear mixed model that included species,
tendon type, treatment and all possible interactions as fixed effects and included donor as a random
effect. Additionally, the pre-incubation values for each measurement were included as a fixed
effect to account for initial variability between individual samples within groups. For each group,
the difference between the least squares means of the control and elastase groups along with the
standard error of that difference were calculated to determine the isolated effect of elastase
treatment on each mechanical property (Fig 6.2(b, c)). Where warranted by the model fixed effects,
post-hoc testing of the isolated effects of elastase with Bonferroni corrections was performed to
determine (1) if the isolated effect of elastase was significant (i.e., different than zero) and (2) if
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the isolated effect of elastase varied by species and/or tendon type. Fixed effects not including
treatment were necessary for model fitting, but their significance was not relevant to this study.
Statistical analyses
All statistical analyses described above were performed using JMP (SAS Institute). Due to
the nature of this study where a larger number of groups were analyzed with smaller sample sizes,
p-values less than 0.10 were considered statistically significant to decrease the potential for false
negatives.31,32 Fixed effect p-values are included in the figures while post-hoc comparison p-values
are represented with symbols. Plots were produced using Prism (GraphPad). All data bars are

Figure 6.2. Statistical modeling is used to
isolate the effects of elastin degradation on
tendon mechanics. (a) Raw experimental data
has two values from each sample. (b) Data are
normalized within samples by subtracting the
pre-incubation value from the post-incubation
value. These data are input into a linear mixed
model. (c) To normalize data to the effect of
repeated mechanical testing shown in the
control treatment group, the difference between
treatment groups is determined within the linear
mixed model, which includes data across
species and tendon types (not shown in this
figure).
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shown as mean ± standard error. Mean values described in the results section below are the least
squares means from model predictions.

6.3 Results
Tendon composition
The effect of tendon type on collagen content (Fig 6.3(a)) normalized to dry weight was
dependent on species (i.e., significant species*tendon type fixed effect). Post-hoc comparisons
were used to determine which species had significant differences between tendon types. In mice,
energy-storing tendons had higher collagen content than positional tendons. Conversely, pig and
cow positional tendons had higher collagen content than energy-storing tendons. Collagen content
was similar between tendon types in rat, dog, and human tendons.
Elastin content normalized to dry weight was 16% greater in energy-storing tendons
compared to positional tendon, with mean values of 1.01% and 0.87% across all species,
respectively (Fig 6.3(b)). Moreover, elastin content varied by species. Most notably, human
tendons had more elastin than all other species analyzed by a factor of two or more. Other, smaller
differences between elastin content in other species were also statistically significant: cow vs. pig,
cow vs. rat, dog vs. pig, and mouse vs. pig.
Based on these results, tendons from mice (lower elastin content and no IFM), cow (lower
elastin content with IFM), and human (higher elastin content with IFM) were chosen for further
experimentation to represent a range of elastin contents and structural hierarchies.
Tendon structure and elastin distribution
Two-photon microscopy produced clear 3D images of collagen, elastic fibers, and cell
nuclei (Fig 6.4). Distinct collagen fascicles were evident in the cross-sections of cow and human
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Figure 6.3. (a) The effect of tendon type on collagen content was dependent on species. Energy-storing tendons had
greater collagen content compared to positional tendons in mice, while positional tendons had greater collagen content
compared to energy-storing tendons in pig and cow. **p<0.01, ***p<0.001 (b) Elastin content was greater in energystoring tendons compared to positional tendon across all species. Human tendon had at least double the elastin content
compared to other species, and there were other, smaller differences between species. Different letters indicate a
significant (p<0.1) difference between species.

tendon, although the IFM was visually more distinct in human tendon compared to cow. Mouse
tendon appeared similar to a single fascicle from cow or human tendon and did not contain any
noticeable IFM.
Within the two-photon microscopy image stacks, the mean cellular density was
approximately four-fold greater in the IFM compared to the FM but was not significantly affected
by tendon type or species (Fig 6.5(a)).
Analysis of the isolated elastic fiber network yielded measurements of volume ratio,
connectivity ratio, and orientation variance. The effect of tendon region on elastin volume (Fig
6.5(b)) was dependent on tendon type (i.e., significant tendon type*region fixed effect). While the
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Figure 6.4. Representative two-photon microscopy images of tendon cross-sections across species and tendon types.
(a-f) Maximum intensity projections across a depth of 5 µm showing collagen (SHG) in red, elastin (Alexa 633) in
green, and cell nuclei (Hoechst 33342) in blue. (g-l) Three-dimensional reconstructions of the elastic fiber network
from the full image stack.
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volume ratio was greater in the IFM compared to FM of both tendon types, the effect only reached
significance in energy-storing tendons with post-hoc testing, while the effect in positional tendons
was statistically insignificant. Similarly, the elastin volume ratio was generally greater in energystoring tendons compared to positional tendons, but the effect was statistically significant in the
IFM but not the FM. Species had no significant impact on elastin volume measured in the twophoton microscopy images, although general trends were similar to the differences observed in the
compositional analysis reported above.
The connectivity ratio output by the fiber analysis algorithm provides a measure between
zero and one, indicating the ratio of voxels that are part of a fiber intersection or branching location.
The elastic fiber network was determined to be more connected in the IFM compared to the FM
(Fig 6.5(c)). Furthermore, the effect of tendon type on connectivity was dependent on species (i.e.,
significant species*tendon type fixed effect). In cow, energy-storing tendons had greater elastic
fiber connectivity than positional tendons, while tendon type did not significantly impact
connectivity in mouse and human tendon. Within this interaction, there was also a significant
difference between cow and human positional tendons where the human positional tendons had
greater connectivity.
Lastly, the orientation variance was calculated from the three-dimensional orientation
distribution (Fig 6.5(d)). This measurement gives a value between zero and one, where zero would
indicate perfect alignment and one would indicate isotropy. The variance was higher (i.e., the
elastic fibers were less aligned) in the IFM compared to the FM, with mean values of 0.27 and
0.11 across species, respectively. Although the variance in orientation was greater in the IFM, the
relatively low value of 0.27 indicates the elastic fibers in the IFM still demonstrate a dominant
orientation along the axis of the tendon, although less strongly than in the FM. Orientation variance
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Figure 6.5. Data and statistical analysis from two-photon microscopy. Post-hoc testing was performed only within
significant highest order fixed effects, with p-values shown in bolded font. (a) The IFM had a four-fold greater volume
of cell nuclei compared to the FM without distinction between species or tendon type. (b) The effect of region on
elastin volume was dependent on tendon type. Energy-storing IFM had greater elastin volume than energy-storing
FM and positional IFM. (c) Connectivity of the elastic fiber network was greater in the IFM than the FM across species
and tendon types. The effect of tendon type on elastic fiber connectivity was dependent on species, where cow
positional tendon has lesser connectivity compared to cow energy-storing tendon and human positional tendon. (d)
Elastic fibers in the FM were more aligned than elastic fibers in the IFM across all species and tendon types, and
elastic fibers in cow tendon were more aligned than elastic fibers in mouse or human tendon independent of region or
tendon type. **p<0.01, ***p<0.001.

was also different between species: cow tendon had lower variance values than both mouse and
human tendon.
In summary, the largest effects in cell quantity and elastin structural organization were seen
in differences between the IFM and FM. Compared to the FM, the IFM had greater cellular density
and a denser, more connected, and less aligned elastic fiber network composed of larger diameter
fibers. Smaller effects were observed between species and tendon type, where larger differences
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were observed in fiber connectivity and diameter between tendon types in cow tendon compared
to mouse and human tendon. Although the interaction between species and region could not be
evaluated due to mouse tendon lacking IFM, there were larger differences between IFM and FM
in human tendon compared to cow tendon, and the IFM qualitatively appeared more distinct in
human tendon.
Elastase verification
Degradation of elastin with elastase treatment was demonstrated using two-photon excited
autofluorescent imaging of elastin, where the elastin signal was significantly diminished after
enzymatic treatment. In mouse Achilles tendon, elastin signal was decreased by 80% throughout
the whole cross-section of the tendon (Fig 6.6(a)). In contrast, the effectiveness of elastase
treatment was dependent on location in cow tendon due to the larger size (Fig 6.6(b)). Elastin
volume in control images was not dependent on location, so these data were pooled together for
comparison to elastase treated tendon. From the periphery of the tendon up to 2 mm from the
tendon edge, elastin was significantly degraded. However, the elastin content was unaffected
further towards the center of the tendon after the 24-hour incubation, indicating that the elastase
enzyme only penetrated 2-mm-deep into the sample. Consequently, all samples for mechanical
testing were thinned to a maximum thickness of 2 mm to ensure complete elastin degradation.
With both sides of the tendon exposed to the elastase solution, this incorporated a sufficient safety
factor to have confidence in the elastase treatment protocol.
Effect of elastase on mechanical properties
Comparison of pre-incubation mechanical properties between tendons designated to
control or elastase treatment groups was performed to ensure baseline differences in mechanical
properties did not affect subsequent measurements and analyses. Of all properties measured, the
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only difference in baseline properties between treatment groups was the modulus of cow energystoring tendons (data not shown). This difference was considered to be acceptable because of (1)
relatively low significance (p=0.053) and (2) subsequent analyses did not reveal any unusual
results to indicate that the minor difference in baseline properties impacted any conclusions from
the data.
A detailed comparison of the effects of species and tendon type on baseline mechanical
properties is outside of the main focus of this study (namely, the effect of elastin removal on
subsequent properties). Still, the analysis was performed and results are included in Appendix A.4.
The quasi-linear viscoelastic theory produced good fits for all experimental data and
yielded five material constants for each sample: A, B, C, τ1, and τ2. The first, two constants, A and
B, are primarily indicative of elastic properties. The change in the constant A, which represents the
magnitude of the stress response, was decreased by elastase treatment in comparison to control
treatment by an average of 0.19 MPa, demonstrating an overall effect of elastase across all tendons
(Fig 6.7(a)). The material constant B primarily indicates the shape, or the non-linearity, of the
loading curve. Elastase treatment significantly increased B across all species and tendon types by
an average of 6.46, indicating increased non-linearity (Fig 6.7(b)).

Figure 6.6. (a) Elastase treatment significantly degraded elastin through mouse tendon. (b) Elastase treatment
significantly degraded elastin in cow tendon up to 2mm from the tendon edge, while deeper into the tendon was not
affected. **p<0.01.
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The effect of elastase on the material constant C (Fig 6.7(c)), which represents the shape
of the relaxation curve, was dependent on species (i.e., significant species*treatment fixed effect).
In both human tendon types, C was significantly increased upon exposure to elastase, while cow
and mouse tendon were not affected. The change in the fast relaxation time constant τ1 was
dependent on the interaction between species and treatment (Fig 6.7(d)). However, this effect had
relatively low significance and post-hoc testing of the isolated elastase effects on individual species
showed no significant differences. The slow relaxation time constant τ2 (Fig 6.7(e)) was
significantly decreased after elastin degradation in energy-storing tendons compared to controls
but was unaffected by elastase in positional tendons (i.e., significant tendon type*treatment fixed
effect).
Hysteresis at lower strains were variable due to low signal-to-noise ratios in the stress data,
so only hysteresis calculated from the 6% strain curves are reported. The effect of elastase
treatment on hysteresis (Fig 6.8(a)) was dependent on the interaction between species and tendon
type (i.e., significant species*tendon type*treatment fixed effect). Of all tendons used in this study,
only mouse energy-storing tendons demonstrated a statistically significant effect of elastase
treatment on hysteresis, with increased values after elastin degradation. The effects of elastase in
cow and human tendon were not significant and were not different between tendon types in these
species.
Modulus values were significantly affected by treatment with an average decrease of 50
MPa resulting from elastin degradation across all tendons (Fig 6.8(b)). In addition, the measured
transition point of the stress-strain curve was shifted due to elastase treatment. Transition strain
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Figure 6.7. Data and statistical analysis from QLV fitting of stress relaxation. Model predictions of isolated elastase
effects are the difference between treatment groups for each tendon group. Post-hoc testing was performed only within
significant highest order fixed effects that included treatment, with p-values shown in bolded font. (a) The constant A
was decreased by elastase treatment across all species or tendon types. (b) The constant B was increased by elastase
treatment across all species and tendon types. (c) The effect of elastase treatment on C was dependent on species,
where C was significantly increase by elastase treatment in human tendon but not mouse or cow tendon independent
of tendon type. (d) The effect of elastase treatment on τ1 was dependent on species, although the effect on any
individual species was not significant. (e) The effect of elastase treatment on τ2 was dependent on tendon type, where
τ2 was decreased by elastase in energy-storing tendon but not positional tendons independent of species. Individual
bars significantly different than zero: #p<0.1, ##p<0.01. Significant difference between bars: *p<0.1.

129

(Fig 6.8(c)) increased more after elastase treatment in comparison to controls, although the effect
was only significant in human tendon (i.e., significant species*treatment fixed effect). Lastly,
transition stress was decreased by an average of 0.4 MPa across all tendons after elastase treatment
(Fig 6.8(d)).

6.4 Discussion
The results reported herein highlight the importance of elastic fibers in tendon,
demonstrating that elastin and elastic fibers are an integral part of the tendon structure and
contribute significantly to its function. While these data suggest that elastic fibers meaningfully
impact all types of tendons, some are more affected by elastic fibers than others. Acknowledging
the distinctions between tendons can improve the ability to interpret and translate results between
scientific studies that utilize different tendon models, and more importantly, can ultimately lead to
tendon-specific treatments for injury or degeneration that can more fully restore the native
properties of the specific tendon.
Biochemical determination of elastin content in different tendons confirmed that tendons
with an energy-storing function have greater elastin content,4 although unexpected differences
between species were much greater than the differences between tendon types within individual
species. The greater elastin content in human tendon is in agreement with previous results
investigating elastin content and morphology in skin across multiple species, where human skin
had the most elastin out of all species analyzed, which included pig, cow, dog, mouse, and many
others.33 It is possible that a bipedal gait places different requirements on the tendons of the lower
limb, requiring more elastin to properly function. In addition, human is the only species of those
analyzed whose lifespan exceeds the half-life of elastin.34 Since elastin begins to degrade in late
age in humans, it is possible that more elastin is produced during development in order to
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Figure 6.8. Data and statistical analysis from hysteresis curves. Model predictions of isolated elastase effects are the
difference between treatment groups for each tendon group. Post-hoc testing was performed only within significant
highest order fixed effects that included treatment, with p-values shown in bolded font. (a) The effect of elastase
treatment on hysteresis was dependent on the interaction between species and tendon type. Energy-storing mouse
tendon had elevated hysteresis as a result of elastase compared to positional mouse tendon and energy-storing human
tendon. (b) Tendon modulus was decreased by elastase treatment across all species and tendon types. (c) The effect
of elastase treatment on transition strain was dependent on tendon species, where elastase increased transition strain
in human tendon independent of tendon type. (d) Transition stress was decreased by elastase treatment across all
species and tendon types. Individual bars significantly different than zero: ##p<0.01, ###p<0.001. Significant difference
between bars: *p<0.1, **p<0.01.
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compensate for the elastin lost later in life. Further quantification of elastin content in additional
species, particular ones with bipedal gait and with longer lifespans, would help evaluate these
hypotheses.
The comprehensive analysis of the morphology of the elastic fiber network in tendon
particularly highlights the difference between the IFM and the FM with detail not previously
achieved. In agreement with past studies, tendon IFM has more elastin than the FM.3,4 However,
this distinction between FM and IFM was greater in energy-storing tendon and did not reach
statistical significance in positional tendon. In addition to a difference in elastin volume, the elastic
fiber network in the IFM was less aligned and more connected than the elastic fibers in the FM
across all tendons. The conclusion from this thorough analysis of the elastic fiber morphology
matches previous qualitative observations of a more mesh-like elastic fiber network in the IFM as
well as more basic quantitative approaches.3,4 Moreover, the IFM had a four-fold greater volume
of cell nuclei compared to the FM.
Differences in the elastic fiber network between tendon types and between species were
more limited. In general agreement with the biochemical data, energy-storing tendons had overall
greater elastin volume than positional tendons. However, the distinction between tendon types was
greater in the IFM where energy-storing tendons had high elastin volumes. Within the FM, energystoring tendons did have more elastin compared to positional tendons, but the effect was not
statistically significant. These data suggest that the bulk of differences in the contribution of elastin
between tendon types lies within the IFM, in agreement with previous studies.35,36 There were no
significant species effects on elastin volume from the microscopy images, but the general trends
did follow those seen in the protein quantification data. The only other tendon type effect was
limited to cow tendon, where positional tendon showed less connected elastic fibers than in energy132

storing tendons. Additionally, cow tendon had more aligned elastic fibers than the other species.
These differences between cow tendon and mouse and human tendon may be a result of using
different anatomical tendons from these species for this study. Although the selected tendons had
similar functional requirements, anatomical differences may still account for some differences in
the elastic fiber network.
Mechanical testing using elastase and control solutions, along with detailed statistical
modeling, allowed isolation of the effects of elastin degradation on tendon mechanics. Overall, the
properties dictating the elastic stress response of the tendon (i.e., A, B, modulus, transition stress
and strain) were affected by elastin degradation across all tendon types and species without
distinction (Fig 6.9). The lone exception is transition strain, where the isolated elastase effect was
only significant in human tendon, although differences in the elastase effect between species were
not significant. The decrease in the material constant A corresponds to the decrease in modulus,
where overall lower stress values lead to a decreased slope of the loading curve. Similarly, the
increase in the material constant B corresponds to increased transition strain and decreased
transition stress, where the increased non-linearity of the loading curve slightly shifts the measured
transition point. The lack of variation of elastin degradation on these elastic properties despite
differences in elastin content suggests that there may be a low threshold for elastin quantity that is
necessary to maintain native elastic properties, yet additional elastin content above that threshold
does not produce additional changes to the elastic stress response of tendon.
On the other hand, changes to the viscoelastic properties were not universal among species
or tendon types. The constant C from fitting the stress relaxation data was increased after elastin
degradation only in human tendon, indicating that elastin functions to maintain stress when the
tendon is held for a period of time at a fixed strain. Conversely, the effect of elastase on the slow
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Figure 6.9. Representation of the isolated effect of elastin degradation on the instantaneous elastic stress response of
tendon using equation (1). The loading curve for “healthy” tendon uses values for A and B representative of a typical
sample used in this study, while the “elastin degraded” loading curve uses values for A and B reflecting the changes
in material properties caused by elastin degradation. The dashed vertical line represents the maximum strain used for
experimental testing in this study; curves to the right of the dashed line are extrapolated. At lower strains, tendon with
degraded elastin have lower stresses and a shifted transition point. At higher strains, stresses in the elastin degraded
tendon increase more rapidly due to the increased non-linearity of the stress-strain curve.

relaxation time constant τ2 did not differ by species, but rather by tendon type. Elastin degradation
decreases τ2 only in energy-storing tendons, which indicates that equilibrium stress was reached
more quickly. These effects on stress relaxation seem to be related to differences in elastin content
between tendon types and species: the greater elastin content in energy-storing tendon compared
to positional influences the rate of relaxation, while the larger difference in elastin content between
species affects the magnitude of relaxation. In addition, hysteresis values were increased by elastin
degradation only in mouse energy-storing tendon, although there is no clear basis in elastin content
or structure to account for this effect. Because hysteresis typically increases at larger strains and
stresses,12 it is possible that hysteresis measurements were also impacted by the decreased stresses
in the post-incubation tests which then masked the effect of elastase on hysteresis in some tendon
types or species.
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Interestingly, there were no major differences in the response to elastin degradation
between mouse tendon compared to cow and human tendon, as would be expected if the elastic
fibers in the IFM played a significant role in tendon mechanics. Therefore, these data suggest that
the interfascicular elastic fibers are not active in maintaining mechanical properties under a purely
tensile loading regime. This result is not unexpected if the tendon fascicles are continuous across
the whole gauge length of the clamped tendon. However, the type of loading experienced by
tendons in vivo is seldomly as simple as loading during experimental testing. Tendon often wraps
around bony structures that act as pulleys or is impinged by other tissues adjacent to the tendon,
thus subjecting the tendon to complex multiaxial loading.37,38 Even regions of tendons with a clear
path can experience heterogeneous strain and corresponding shear between tendon sub-units.39–41
Elastic fibers in the IFM may therefore still be integral for the overall mechanical function of
tendon despite not influencing purely tensile properties along the main axis of the tendon. In
support of this, prior studies have shown elastase had a greater effect on shear and off-axis tensile
properties compared to main-axis tensile loading,15,18,19,42 and elastase treatment had major impacts
on direct shear testing of isolated tendon IFM including a substantial loss to fatigue resistance.10
Future work incorporating in situ testing to evaluate the heterogeneous tensile and shear strain
experienced by tendon in its anatomical location would help to evaluate how tendon IFM is loaded
during tendon use and how elastin in the IFM contributes to overall tendon function.
The results presented herein may initially seem to contradict previous results from our lab
using elastinopathic mouse models (i.e., Eln+/- and Fbln5-/-), where reduced elastin content or
disconnected elastin led to increased tendon modulus. However, it should be noted that these
genetic mouse models represent a fundamentally different approach than the current study. While
elastase testing measures the effect of elastin degradation in an initially normal tendon,
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elastinopathic mouse models evaluate how tendon is affected when developed in the absence of a
complete and functional elastic fibers network. These models can be related to the clinical effects
of elastin degradation that results from aging and elastinopathic heritable disorders, respectively.
Moreover, the effects of elastase compared to those of the mouse models are not inconsistent when
the different experimental approaches are considered. In this study, mechanical tests were limited
to low strains (i.e., ≤6%) to avoid tissue damage because of the repeated mechanical testing
approach and to represent physiologically relevant strain values.43 The modulus measured in this
study was determined by linear fitting to stress data between 5.5% and 6% strain, and it is likely
that the slope of the stress-strain curves would continue to increase at greater strain magnitudes,
especially after elastase treatment where the transition point is shifted. Therefore, the decreased
modulus observed following elastase treatment does not necessarily indicate that the modulus at
higher strains would also be decreased. Moreover, the increased non-linearity which also resulted
from elastin degradation suggests that the modulus of elastase treated samples could eventually
match or exceed control samples at increasing strains. However, the exponential assumption for
the shape of the stress-strain curve is less applicable at higher strains when the curve becomes
more linear, so this extrapolation should be interpreted with caution (Fig 6.9). Supporting this
hypothesis, prior research that performed tensile testing to failure of ligament treated with elastase
demonstrating a non-significant increase in failure modulus in elastase treated ligaments compared
to controls.15 The increase in modulus at higher strains could be a result of less collagen regulation
due to elastin degradation, which allows greater reorganization and higher alignment of collagen
resulting from the decreased regulation by elastic fibers. The overall stiffness of the tissue would
then be increased due to the greater collagen alignment and engagement.

136

Differences in the effects on the transition point between these studies are similarly
explained with differences in the experimental approach. In this study, the pre-stress was not
reestablished for the post-incubation test, so the zero strain was referenced from the initial state of
the tendon. In contrast, the pre-stress was established before each test in the experiments with the
elastinopathic murine models. Relating this to tendon function, tendons generally carry a low stress
in situ even when not actively in use. If elastin in tendon becomes degraded and that pre-stress in
the “unloaded” state drops, it is unclear if or how the tissue may actively remodel to reestablish
that pre-stress in response to the elastin degradation. In the event that the tendon does not remodel,
this could lead to greater tissue extensibility from the native state and overall increased joint laxity.
While biochemical quantification did demonstrate a higher elastin in energy-storing
compared to positional tendon across all species, this difference had little mechanical impact on
tendon; the only universal difference in the effect of elastin degradation between tendon types was
a greater decrease in the long time relaxation constant in energy-storing tendon. Microscopy data
indicates that the bulk of the difference in elastin content stems from the IFM, and because these
results suggest the IFM contributes little to purely tensile mechanics the lack of mechanical
differences between tendon types is appropriate. This largely agrees with prior research that
indicates the differences between tendon types arise from the IFM and not the FM.35 Consequently,
elastin may be more important in regulating shear or other off-axis properties of energy-storing
compared to positional tendon due to IFM loading. Nonetheless, caution should still be taken when
translating results between species or tendons, as there were some species-specific differences in
these data and tendons can often defy a simplified binary classification scheme.
A limitation of this study is the non-specificity of elastase, which can degrade tissue
constituents other than elastin. However, prior work has proven that fibrillary collagen is not
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targeted by elastase, and the proteoglycans that are targeted along with elastin do not significantly
impact tensile tendon mechanics.10,14,44 Therefore, it is reasonable to assume that changes to
mechanical properties induced by elastase treatment are a result of elastin degradation. The large
age range, and specifically the advanced age of human tendon donors used for biochemistry and
mechanical testing, is another limitation of this study. This is unfortunately largely unavoidable
due to the limited availability of younger human tendon tissue, which are often used for allografts.
In summary, elastin significantly affects the tensile elastic stress response of tendon across
all species and tendon types. At low strains, elastin seems to bear a significant portion of the load
while the underlying collagen architecture uncrimps and reorganizes. Extrapolating to larger
strains when the collagen becomes more fully engaged, the modulus of elastin degraded tendon
may match or even potentially exceed native tissue due to the increased non-linearity of the stressstrain curve. These results highlight the importance for elastin in tendon function across multiple
tendon types and species, while providing further evidence for a more mechanistic understanding
of how elastin regulates collagen engagement within fascicles to influence mechanical properties.
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Chapter 7: Conclusions & Future Directions
7.1 Conclusions
This body of work evaluated the contributions of elastin and elastic fibers to tendon
mechanics using multiple model systems. While previous studies have addressed this topic,1–4 as
a whole they have been limited in many respects, including: model system (only elastase
treatment), breadth of application (only one tendon analyzed), superficial mechanical
characterization (only quasistatic elastic properties measured), disregard of multiscale tendon
hierarchy (lack of distinction between fascicular and interfascicular elastic fibers), and inadequate
experimental design and analysis (failure to fully isolate the effect of elastin degradation from
confounding factors). The research presented herein overcomes these limitations from previous
studies and consequently provides a significantly more thorough understanding of how elastic
fibers contribute to tensile tendon mechanics as well as the mechanisms behind that contribution.
First, established elastinopathic mouse models were utilized as an alternative to the elastase
treatment approach. Elastin haploinsufficient (Eln+/-) mice were compared to wild-type (Eln+/+)
controls to evaluate the effects of reduced elastin content in Achilles tendon (AT) and
supraspinatus tendon (SST).5 Biochemical determination of elastin protein content confirmed that
Eln+/- tendons had a 38% reduction in elastin across both tendons. Potential developmental
compensation for the reduced elastin content was evaluated by analyzing the collagen network of
the tendons. While collagen protein content was unaffected by genotype, there was a minor
difference in the area fraction and diameter distribution of collagen fibrils only in the AT.
However, this small effect would not be expected to have a large impact on other properties.
Mechanical testing demonstrated that the reduced elastin content in Eln+/- mice led to increased
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tendon stiffness across both the AT and SST with no changes in viscoelastic behavior.
Measurement of changes in collagen alignment during loading indicated that greater collagen
realignment in the Eln+/- tendons may be responsible for the increased tendon stiffness, although
the effect was small and limited to the AT.
In addition to the Eln+/- model, ATs and tibialis anterior tendons (TBATs) from fibulin-5
knockout (Fbln5-/-) mice were also characterized and compared to wild-type (Fbln5+/+) controls.6
Fibulin-5 is a matricellular protein involved in elastic fiber assembly, and therefore this model can
be used to determine the effects of disorganized elastic fibers. Visualization of elastic fibers in
tendon on the nanometer scale confirmed that elastin in Fbln5-/- tendons was globular and
disconnected, in contrast to the dense and organized elastin core in control tendons. Two-photon
microscopy with optical clearing was utilized in this study to image collagen and elastin, and
interestingly, the elastin autofluorescent signal was absent in Fbln5-/- tendons despite no reduction
in elastin content. Again, the collagen was also analyzed to evaluate potential developmental
compensation. There were no effects of genotype on collagen quantity, structure, or cross-linking,
confirming that mechanical changes were a result of the disorganized elastin structure. Similar to
the results from the Eln+/- model, ATs from Fbln5-/- had a greater linear modulus than controls,
and data on collagen alignment during mechanical testing suggested that tendons with
disorganized elastin experienced more realignment during loading.
With the adoption of improved imaging techniques, such as optical clearing and twophoton microscopy, it becomes possible to generate large three-dimensional (3D) image stacks of
fibrous networks, including the elastic fiber network in tendon. However, advancementss in
acquiring detailed 3D images has outpaced the ability to comprehensively analyze volumetric data.
Most analysis techniques are limited to two dimensions, while the 3D options are limited in scope
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or in accuracy. Because of the need to more thoroughly characterize the elastic fiber network in
tendon, a 3D fiber analysis algorithm was developed.7 The algorithm operates on a voxel-wise
basis and is capable of determining fiber orientation, diameter, and connectivity. Moreover, a new
metric of overall orientation variance in an image stack or set of image stacks was conceived. Use
of the algorithm on computationally generated phantom image stacks demonstrated that the
algorithm had high accuracy and was robust to changes in fiber diameter, density, curvature, and
image noise.
In order to supplement the results from the elastinopathic mouse models, the content,
morphology, and mechanical impact of elastin in functionally distinct tendons were evaluated
across multiple species. Because mouse tendon lacks the elastin-rich interfascicular matrix that is
present within the hierarchical structure of larger tendon, an experimental approach that evaluates
tendons from larger species is necessary to evaluate region-specific roles of elastic fibers. Across
all species, tendon with an energy-storing function had greater elastin content than tendons with a
positional or stabilizing function. Additionally, human tendon had at least double the elastin
content of tendon from other species. Analysis of the elastic fiber networks using the
aforementioned fiber analysis algorithm confirmed previous reports of a more connected, less
aligned mesh-like morphology of elastic fibers in the interfascicular matrix, in comparison to
strongly aligned elastic fibers in the tendon fascicles. However, there were few differences in
elastic fiber structure between tendon types or species. Mechanical characterization of tendon
using elastase to degrade elastin along with statistical modeling to account for confounding effects
enabled determination of the isolated effects of elastin degradation on tendon mechanics.
Interestingly, the elastic stress response of tendon was universally affected across all species and
tendon types, where elastin degradation decreased stress values and increased the non-linearity of
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the stress-strain curve. Changes to viscoelastic properties were limited and seemed to correspond
to differences in elastin protein content; human tendon had greater magnitude of relaxation after
elastin degradation, while energy-storing tendons had shortened long-term relaxation times after
elastin degradation.
Taken as a whole, this body of work demonstrates that fascicular elastin significantly
influences the tensile elastic stress response of tendon, regardless of specific tendon function or
species. Data on collagen alignment during loading from the mouse models as well as observations
of elastic fiber morphology indicates that this mechanical effect results from regulation of collagen
engagement by elastic fibers. At low strains while the collagen structure is actively uncrimping,
realigning, and sliding, elastic fibers bear load while resisting this microstructural motion of the
collagen network.8–10 At higher strains where the collagen becomes more strongly engaged, the
elastic fibers prohibit the collagen structure from achieving complete engagement and perfect
alignment, effectively decreasing the stiffness of the tissue compared to what could be achieved
otherwise. In addition to this effect on elastic properties preserved across all tendons, elastic fibers
when present in higher densities can affect viscoelastic behavior by reducing the magnitude of the
viscoelastic response or reducing the time required for the response. Similar to how the elastic
stress response is affected by elastic fibers regulating collagen reorganization caused by loading,
the viscoelastic response is likely affected by elastic fibers regulating collagen reorganization
caused by the passing of time. Moreover, all these effects on tensile tendon mechanics stem from
the elastic fibers located in the tendon fascicles, and it seems the interfascicular elastic fibers do
little to contribute to purely tensile mechanics in tendon. Still, the elastin-rich interfascicular matrix
likely does contribute to shear properties and the response to other off-axis loading which are
important mechanisms for overall tendon function.
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7.2 Future directions
As with any significant compilation of research, this work makes conclusions about the
mechanical role of elastic fibers in tendon but also identifies areas for further study. Continued
work in this field will help to confirm the mechanistic hypotheses generated from this work and
further clarify the role of elastic fibers in contributing to the mechanical properties and overall
function of tendon.
Tissue-specific elastin knockout mouse model
Use of the Eln+/- and Fbln5-/- mouse models was imperative to verify results from prior
experiments using elastase, and using these well-established models was convenient to adopt for
use in these studies. However, these models are not without limitations. Tendons from Eln+/- mice
still have 62% of the elastin content of wild-type controls and this remaining elastin is able to
contribute to mechanical properties and overall function, making it difficult to detect small effects
of a mere reduction in elastin content.5 Meanwhile, although the elastin in tendons from Fbln5-/mice is globular and disconnected and therefore loses some of its function, the amount elastin is
not altered and the disorganized elastic fibers are still able to impact tendon mechanics to a degree.6
The ideal model to overcome the limitations of the Eln+/- and Fbln5-/- mice would be a
mouse that has complete absence of elastin in tendon tissue. Unfortunately, the elastin knockout
(Eln-/-) mouse dies perinatally from obstructive arterial disease and therefore cannot be used to
study elastin in developed tendons.11 Therefore, it is necessary to develop a tissue-specific elastin
knockout mouse to overcome the perinatal lethality of the systemic elastin knockout while more
fully reducing elastin content in tendon tissue. Tissue-specific gene knockout can be accomplished
using the Cre-lox recombination system, where the gene of interest (i.e., elastin) is floxed by
inserting two loxP sequences, while the Cre transgene is inserted into the genome immediately
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following a transcription factor with tissue-specific expression.12 Then only in cells where that
transcription factor is expressed, the Cre recombinase will also be expressed and will excise the
gene of interest from the genome by targeting the loxP sites.
Development of a tendon-specific elastin knockout mouse model was initially attempted
by using a Scleraxis driven Cre with a floxed elastin gene (ScxCre;Elnf/f).13,14 Because scleraxis is
a transcription factor mostly specific to tendons and ligaments, this model would overcome the
perinatal lethality of the Eln-/- mice. However, after the cross-breeding necessary to generate this
mouse model was complete and tendons from the mice were analyzed, it was evident that there
was no reduction in elastin content in the ScxCre;Elnf/f mice compared to floxed (Elnf/f) controls
(Appendix ?). The lack of elastin knockdown in this mouse model suggests the elastin in tendon
is produced by cells other than the tenocytes from the scleraxis lineage commonly found in the
tissue.
Consequently, we transitioned from using a Scx-driven Cre line to using a Prx1-driven
Cre.15 Unlike Scx where expression is mostly limited to a specific subset of tenocytes and other
fibroblast-type cells, Prx1 is expressed ubiquitously throughout the limb bud mesenchyme in early
embryonic development. This broader expression is more likely to effectively target the cells that
produce elastin in tendon, while still avoiding the deletion the Eln gene in elastin-rich tissues such
as the lungs and aorta which could result in neonatal lethality or serious comorbidities. To date,
only small numbers of these Prx1Cre;Elnf/f mice have been bred in our lab. The mice are viable
and show no gross physical or behavioral abnormalities. Preliminary two-photon microscopy
imaging of tendons from the Prx1Cre;Elnf/f mice demonstrated that no elastic fibers were visible
in the Achilles tendon (AT) or the tibialis anterior tendon (TBAT) from both the two-photon
excited autofluorescence signal and from sections stained with Alexa Fluor 633 hydrazide (n=1-2
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per group; Fig. 7.1). However, continued characterization of this model and comparison to Elnf/f
controls is necessary to confirm the efficacy of elastin knockdown in tendons.

(a)

(b)

100 µm
Figure 7.1. (a) Elastic fibers are visible in this representative transverse AT section from an Elnf/f mouse stained with
Alexa Fluor 633 hydrazide. (b) This representative AT from an Prx1Cre;Elnf/f mouse does not exhibit noticeable
elastin staining. Images shown are maximum intensity projections over a depth of 5 µm after background subtraction.

Elastin knockdown in tendon can be confirmed through a combination of gene expression,
protein quantification, and imaging. Gene expression of Eln in tendon tissue should be measured
using quantitative polymerase chain reaction (qPCR). Because Eln expression is highest during
development, this should be performed on young (4 week old) mice.16 While gene expression is
the most direct measurement of the deletion efficacy of the Eln gene, changes in gene expression
do not always directly correlate with changes at the protein level due to subsequent processes
including translation and post-translational modifications.17–19 Consequently, changes in elastin
protein content must also be measured, which can be performed using the competitive ELISA for
desmosine described in earlier chapters. Continued imaging of additional samples using twophoton microscopy can be used to confirm the changes in protein content measured biochemically.
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Tissue from the descending aorta and lungs should also be included in these experiments as control
groups that would be expected to be unaffected by genotype because they do not express Prx1.
Potential compensation by collagen should also be evaluated in the Prx1Cre;Elnf/f model.
As with previous models evaluated (Eln+/-, Fbln5-/-), this can be accomplished through using twophoton microscopy and transmission electron microscopy to visualize collagen structure at
different length scales and biochemical determination of collagen content and collagen crosslinking. Finally, mechanical testing of harvested tendons should be performed to evaluate the
elastic and viscoelastic properties of tendons from Prx1Cre;Elnf/f mice and Elnf/f controls to
determine the effects of elastin deficiency on tendon mechanics, along with simultaneous polarized
light imaging to quantify changes in collagen alignment during loading. It would be expected that
elastin deficiency would result in an increase in linear modulus of greater magnitude than what
was observed in the previous elastinopathic models.
Determination of tendon strains in vivo
While harvesting and mechanically testing tendon tissue outside the body is the most
thorough and accurate method to characterize mechanical properties, a significant limitation is that
this approach cannot determine the magnitude of loading experienced by the tissue in vivo.
Consequently, mechanical changes may be detected but it may remain unclear how those changes
relate to tendon functionality. Prior work measuring tendon strains in vivo have largely been based
on measuring changes in tendon length or digital image correlation from ultrasound imaging.20–23
However, this approach is limited to the resolution and quality of ultrasound images which poses
a significant difficulty on the scale of mouse tendon. Additionally, there is no way to establish a
true zero-strain state to reference from without transecting the muscle-tendon complex to eliminate
any residual stress.
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With regard to elastin in tendon, elastin degradation of healthy tendon caused a shift in the
transition point of the stress-strain curve where the tendon had greater extensibility at lower strains.
However, this effect was not observed in elastinopathic mouse models likely because of how the
zero strain state is established using a pre-stress. It is yet unclear how elastin deficiency would
affect the resting state strain and stress of a tendon in vivo, and how that would then contribute to
the overall extensibility of the tissue within the range of physiological function. Therefore, a
potential continuation of this work could be to evaluate the range of physiological strains
experienced by the AT in Prx1Cre;Elnf/f mice and Elnf/f controls. Tendons experience loading from
two sources: passive loading from joint flexion, and active loading from muscle contraction, and
the proposed approach will evaluate both forms.
Mice would be anesthetized and the ankle would be held fixed at a particular flexion angle.
Skin would be removed to expose the AT and gastrocnemius muscle. Either parallel lines applied
across the width of the AT or a random speckle pattern would allow for optical strain
measurements during the experiment. At a set of varying ankle flexion angles (e.g., 15°
dorsiflexion, 0° dorsiflexion/plantarflexion, and 15° and 30° plantarflexion), the gastrocnemius
muscle would be stimulated to contract using subcutaneous electrodes on the tibial nerve,24 while
video is recorded of the AT to measure the strains at the loaded and unloaded state at the varying
flexion angles. Lastly, the AT would be fully transected at the enthesis to establish the zero-strain
state.
This approach would be limited to a specific outcome – namely, measuring physiological
strains. No force data would be collected. However, the data collected from this experiment, taken
together with mechanical testing of harvested tendon, would directly evaluate how elastin
deficiency would affect the resting state strain and stress of a tendon in vivo, and how that would
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then contribute to the overall extensibility of the tissue within the range of physiological function.
Difficulties in this approach would be designing a fixture to consistently fix the ankle at a given
flexion angle, implementing the muscle stimulation technique with electrodes, and completing the
experiment quickly enough to retain muscle contractility and viability.
This proposed work performed as described on ATs of Prx1Cre;Elnf/f mice and Elnf/f
controls would evaluate the effects of elastin deficiency throughout development on physiological
tendon strains and residual tendon strain. To further broaden the experiment, a third group, ATs
from Elnf/f mice treated with elastase, could be introduced to evaluate the effects of elastin
degradation in developmentally normal tendon on the same outcome measurements. However, this
group would be difficult to implement because of the time required for elastase to penetrate the
tendon and degrade the elastin within. Significant precaution and preliminary verifications would
be necessary to design a system where the AT could be exposed to elastase while not affecting the
contractility of the muscle. Alternatively, the elastase treated group could be evaluated only with
respect to the effects of flexion angle, eliminating these experimental challenges. Then, the effect
of muscle contraction on the elastase treated group could be estimated using the change in tendon
strain caused by contraction in the other experimental groups and the previously determined stressstrain curve of each group.
Effect of elastin deficiency on fatigue resistance and fatigue-induced tendinopathy
Clinical problems stemming from tendon tissue typically arise from either long-term
chronic tendinopathy or acute tendon injury.25,26 These conditions are not fully independent –
chronic tendinopathy can weaken the tendon and lead to tearing or rupture, while improper healing
of an acute injury can lead to a chronic condition. Still, these represent two classes of clinical
situations that can be evaluated to confirm the importance of elastic fibers in overall tendon
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function as well as motivate more translational research to identify preventive and treatment
strategies for patients with perturbed elastic fiber networks, either from aging or from disease.
Overuse of the tendon can lead to factors including accumulation of extracellular matrix
(ECM) damage and aberrant cellular activity, eventually resulting in chronic tendinopathy.27,28 As
a key structural protein, elastin is likely to affect damage accumulation with repeated mechanical
loading. Moreover, because of its frequent colocalization with rows of tenocytes and the potential
for cell-protein interaction,29 elastin also may contribute to the transmission of mechanical signals
to resident cells and influence the cellular response to repeated loading. It is therefore important
to identify how elastin may contribute to these two distinct factors that can lead to long-term tendon
degeneration, and further, to evaluate the combined effect of these factors in an in vivo animal
model of tendinopathy.
Accumulation of ECM damage and its effect on fatigue resistance can be evaluated using
mechanical fatigue testing combined with imaging to assess damage to the collagen resulting from
repeated loading. First, ATs from Prx1Cre;Elnf/f mice and Elnf/f controls should be fatigue tested
to failure by cycling between 0.4 to 40MPa to evaluate the effect of elastin deficiency on overall
fatigue resistance (Fig 7.2). Then, a sub-failure fatigue protocol should be established to
consistently induce ECM damage in the forms of collagen kinking, as measured using Fourier
transform based analysis of second harmonic generation imaging of collagen, and collagen
denaturation, as measured using fluorescent labeling using collagen hybridizing peptide.30,31
Evaluating these metrics at discrete points on the fatigue curve (e.g., at 1000 cycles) will determine
how lack of elastin would affect how ECM damage accumulates with repetitive mechanical
loading. Preliminary work on this topic has demonstrated the feasibility of these experiments (Figs
7.3, 7.4).
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Figure 7.3. Fourier
transform-based
analysis of collagen
fiber alignment and
structural
kinking
damage on second
harmonic generation
images, demonstrated
on a mouse Achilles
tendon.
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Figure 7.2. Representative fatigue test of a
mouse AT. Sub-failure tests will be
terminated to evaluate accumulation of ECM
damage.
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Figure 7.4. Positive
collagen
hybridizing
peptide staining on a rat
tail tendon fascicle
loaded past yield. The
stained part of the
tendon in the right half
of the image was loaded
in tension, while the
unstained tendon in the
left half of the image
was not.

In addition to the effects on mechanical fatigue properties and ECM damage, elastin
deficiency may also contribute to the cellular response to load. Short-term explant tissue culture
can be utilized to begin to evaluate this potential relationship. To this end, ATs from Prx1Cre;Elnf/f
mice and Elnf/f controls should be immediately harvested after sacrifice and subjected to the subfailure fatigue loading protocol described above. Some preliminary experimentation will be
necessary to develop the appropriate techniques necessary to maintain tissue viability for four
hours following the loading protocol (i.e., controlling culture media, temperature, and other
factors). After the four hour post-loading incubation period, the tendon cells can be evaluated using
live-dead staining to measure cell viability and nuclear morphology. Separate tendon samples can
be used to measure changes in gene expression post-loading using qPCR, focusing on genes that
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have been shown to be differentially regulated in chronic tendinopathy or are related to elastic
fibers including Col1a1, Col2a1, Col3a1, Eln, Fbn1, Mmp1, Mmp3, Tnmd, and Sox9.27,32 If elastic
fibers are shown to influence the cellular response to loading using this approach, the experiment
could be expanded by including additional time points to determine the temporal nature of the
response and identify more long-term effects. Other experimental factors including loading
magnitude, duration, and number of loading bouts could also be varied.
Finally, an in vivo model of tendinopathy can be used to confirm if the changes to fatigue
resistance and cellular response caused by elastin deficiency ultimately influence the onset or
severity of overuse induced degeneration. Prx1Cre;Elnf/f and Elnf/f mice should be subjected to a
mild or intense uphill treadmill running regimen and compared to cage activity controls. 33,34
Markers of tendinopathy that should be evaluated are changes to mechanical properties measured
using tensile testing, overall tissue structure measured using standard histology, and a transition to
a more fibrocartilagenous tissue determined by measured accumulation of glycosaminoglycans
and increases in expression of cartilage-associated genes such as Col2a2 and Sox9. Furthermore,
the structural organization and density of the elastic fiber network in Elnf/f can be monitored to
determine how overuse affects elastic fibers in tendon.
Effect of elastin on healing of acute tendon injury
In addition to its potential effect on overuse-induced tendinopathy, elastin may also
contribute to the healing response to an acute tendon injury.35 This healing effect can also be
evaluated using the tissue-specific elastin knockout model. In Prx1Cre;Elnf/f mice and Elnf/f
controls, the AT can be injured via full transection and sutured back together to promote
healing.36,37 The healing progress should be monitored at discrete timepoints by measuring
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mechanical properties using tensile testing, elastic fiber distribution throughout the healing control
tendons using two-photon microscopy, and over tendon structure using standard histology.
Physical interactions between elastic fibers, collagen, and resident cells in tendon
Results from the body of work presented herein suggest that elastin and elastic fibers
contribute to tendon mechanical properties by regulating engagement of the dominant collagen
matrix. However, it remains unclear how elastic fibers interact with and connect with collagen to
perform this regulatory function. Similarly, with regard to the potential role for elastic fibers in
mechanotransduction mentioned previously, interactions between elastic fibers and cells are also
unclear. While elastin may directly interact with these structures, it is also possible that
connections occur indirectly through the fibrillin-based scaffold of elastic fibers. These
relationships can begin to be explored using serial block-face scanning electron microscopy to
trace the path of elastic fibers along the length of the tendon.38,39 Three-dimensional
reconstructions of these images could enable visualization of how elastic fibers interact with
surrounding structures on the nanometer scale. Moreover, performing this technique in both the
fascicles and the interfascicular matrix would identify further differences in the elastic fiber
network between these regions of tendon.
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Appendix A: Supplementary Information
A.1 Methodological details for the fiber analysis algorithm
Methodological Details for the Pre-Analysis
The pre-analysis for a single voxel follows the flowchart in Fig A.1. First, a spherical analysis
window is created around the voxel of interest such that all voxels at a distance less than the radius
of the spherical window (winRad) from the voxel of interest are included in the window of
analysis. The initial winRad is set to double the minimum voxel dimension (minVoxDim). For
example, for an image with an x-y resolution of 0.3 μm and a z-step size of 0.5 μm, the initial
window radius would be 0.6 μm. In each spherical window, all non-zero voxels which are not
connected to the voxel of interest at the center of the window through a series of adjacent faces,
edges, or corners of non-zero voxels (i.e., 26-connected) are set to zero. The removal of nonconnected voxels prevents a source of error from fibers which are in close proximity but not in
contact with one another.
After forming the spherical window of analysis, two metrics are determined: the number of
objects on the surface of the window, and the volume ratio of the surface objects to the full surface
of the spherical window. To calculate these metrics, the intensity of all voxels which do not have
a face or edge adjacent to the outer surface of the spherical window is set to zero, leaving only the
regions of the object within the window which form the outer surface of the window. The number
of distinct non-connected objects after this procedure (numObjs) are counted and used in the
subsequent decisions. Possible values for numObjs include all non-negative integers. Additionally,
the ratio between the sum volume of all the surface objects and the volume of the full surface of
the spherical window (surfRat) is calculated and is similarly used in subsequent decisions. The
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value for surfRat can be any real number between zero and one. The pre-analysis flowchart
recognizes five possible combinations of numObjs and surfRat, which are each depicted in the
main body of the paper in Fig 2. The first possibility is where surfRat > 0.5, indicating that the
spherical window is too small for the fiber. The second possibility is where numObjs = 0 and
surfRat ≤ 0.5, indicating that the voxel of interest is part of a smaller object which is not classified
as a fiber. The third possibility is where numObjs = 1 and surfRat ≤ 0.05, which indicates the voxel
of interest is at the end of a fiber. The fourth possibility is where numObjs = 1 and 0.05 < surfRat
≤ 0.5, indicating that the spherical window is too small to contain the entire fiber, as is the case
when surfRat > 0.5. The fifth and final possibility is where numObjs > 1 and surfRat ≤ 0.05, which
indicates that the spherical window contains a full cross-section of the fiber. Note that the preanalysis does not distinguish between a full fiber (numObjs = 2) and a fiber intersection (numObjs
>2) but instead groups these categories together as numObjs > 1. Fiber intersections are identified
in the subsequent full analysis.
The pre-analysis begins with a small spherical window and proceeds by incrementally
increasing winRad until the algorithm identifies a small non-fiber object (numObjs = 0), a fiber
end (numObjs = 1 and surfRat ≤ 0.01), or the most general case where a full fiber cross-section is
contained within the spherical window (numObjs > 1 for two successive winRad). While winRad
is less than 10*minVoxDim, winRad increases by minVoxDim for each iteration. When winRad
exceeds 10*minVoxDim, winRad increases by 0.1*winRad for each subsequent iteration. Because
of the voxelated nature of the spherical window and potential irregularities in the fiber shape, it is
possible to have an aberrant situation where numObjs > 1 without fully containing a cross-section
of the fiber within the window. Consequently, the flowchart requires that numObjs > 1 for two
successive values of winRad in order reach the terminus of the flowchart. Where a fiber is
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identified, initial estimates of orientation and diameter are calculated using the current winRad.
While some voxels fit a criterion for being classified as a fiber end during the pre-analysis, this
information is not saved or passed on to the full analysis.
Methodological Details for the Full Analysis
Before the full analysis begins, orientation diameter estimates are assigned to each non-zero
intensity voxel which was not analyzed during the pre-analysis. Specifically, the diameter estimate

Figure A.1. Flowchart depicting the steps of the pre-analysis portion of the
algorithm.
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is the maximum diameter value computed for a voxel at a distance less than half of the estimated
diameter for that voxel; or, if no voxels meet the former criterion, the estimated diameter is set to
the estimate from the nearest voxel analyzed in the pre-analysis. The orientation estimate is the
value for the nearest voxel from the pre-analysis.
Then the full analysis begins following the flowchart in Fig A.2. After initializing variables,
the first steps of the of the full analysis are identical to the pre-analysis with the exception that
winRad starts at half of the estimated diameter for the voxel of interest in order to reduce
computational time. The winRad increases incrementally until a small non-fiber object (numObjs
= 0), a fiber end (numObjs = 1 and surfRat ≤ 0.01), or a full fiber (numObjs > 1 for two successive
winRad) is identified, as in the pre-analysis. If a fiber is identified at this point in the process, the
fiber orientation and diameter are calculated as described in the main body of the paper. The
analysis then continues by evaluating numObjs for every incrementally increased winRad until
winRad is greater than double the initial diameter estimate or until a stop criterion is reached to
classify the voxel. If the majority of numObjs within this range are greater than 2, then the voxel
of interest is identified and labeled as a fiber intersection. Similarly, if the majority of numObjs
within this range are less than 2, then the voxel of interest is identified and labeled as a fiber end.
When neither of these conditions are met, the voxel of interest is identified and labeled as a singular
fiber.
When the full image stack has been analyzed, each individual voxel or group of voxels
classified as a fiber intersection is evaluated to determine the number of adjacent singular fiber
objects. Where there is only one adjacent fiber object, the classification for that group of voxels is
changed from an intersection to a singular fiber. This step serves to remove small groups of voxels
classified as intersections which may be near an actual intersection but not connected to other
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voxels at the intersection, thereby cleaning the image and leaving only intersections which separate
distinct fiber objects.
Lastly, voxels which are classified as a fiber intersection, a fiber end, or where the calculated
diameter is greater than the distance between the voxel and the edge of the image stack have their
respective orientation and diameter removed from the final output. Voxels identified as
intersections have their calculated orientation and diameter removed because a singular orientation
or diameter is undefined where multiple fibers are present. At fibers ends, the lack of a continuous
fiber through the window of analysis can cause elevated errors in the calculations of orientation
and diameter, and therefore these values are also excluded. Similarly, the lack of complete
information near the edges of the image stack where parts of fibers are outside of the image area
can elevate errors; therefore, exclusion of orientation and diameter calculations near the edges of
the image is warranted.
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Figure A.2. Flowchart depicting the steps of the full analysis portion of the algorithm. The analysis can be divided
into four components: (1) initialization, (2) iteration, (3) orientation and diameter calculation, and (4) fiber intersection
and fiber end identification.
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A.2 Generation of phantom image stacks for fiber analysis
algorithm validation
Phantom image stacks were constructed to test the accuracy of the fiber analysis algorithm.
For each phantom, single fibers were created by defining a line or curve in 3D space and assigning
an intensity value to each voxel within a given distance from the line or curve. The intensity
distribution across the width of a fiber was set to a Gaussian distribution to simulate what would
be expected of a microscopy image. Where multiple fibers overlapped in a single voxel, the
intensity for that voxel was defined from the fiber which would have the greatest intensity at that
voxel. Any voxel containing overlapping or directly adjacent fibers was labeled as a fiber
intersection. The actual fiber orientation and diameter were saved on a voxel-wise basis for each
phantom.
As an initial test, and to visually demonstrate the algorithm, two phantoms were constructed
with fiber orientations restricted to the x-y plane. One of these phantoms included parallel straight
fibers with a range of diameters and a single perpendicular fiber to intersect each of the parallel
fibers (Fig 5.3(a)). This phantom was analyzed to qualitatively investigate how intersections
between fibers of different size are identified. The second of these phantoms featured a fiber with
non-constant diameter, curved fibers, and an intersection of more than two fibers (Fig 5.3(c)).
Again, this phantom was analyzed to qualitatively assess the effect of these features on the
performance of the fiber analysis algorithm.
Sets of more complex phantom images were generated to quantitatively assess the accuracy of
the fiber analysis algorithm and evaluate the effects of fiber diameter, density, and curvature on its
performance. Each phantom was 256 x 256 x 256 voxels in size and contained fibers with
randomly assigned locations, orientations, and lengths. To investigate fiber diameter, a set of ten
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phantoms containing forty straight fibers were created, where each phantom was assigned a fiber
diameter from two to twenty a.u. in increments of two (Fig 5.4(a)). For fiber density, a set of
phantoms containing straight fibers (with a diameter of eight a.u.) were created, where each
phantom included between twenty and two hundred fibers in increments of twenty (Fig 5.5(a)).
Fibers with 3D curvature which followed the path of a sine wave that oscillated in a direction
defined by a helix were used in a set of phantoms to evaluate the effect of fiber curvature on the
performance of the algorithm (Fig 5.6(a)). This path of curvature was used because it represents a
worst-case scenario with complex curvature with significant variation along the length of the fiber.
For each phantom in this set, forty fibers were created with a diameter of eight a.u.. Fiber curvature
was varied between phantoms by changing the amplitude of the sine wave: values between zero
and twenty a.u. were analyzed in increments of two. Each phantom was analyzed using the fiber
analysis algorithm to determine fiber orientation and diameter and to identify fiber intersections.
After independently evaluating the effects of fiber diameter, density, and curvature, these
effects were combined to create a phantom image with high complexity to more closely resemble
what may be encountered in images of biological tissue (Fig 5.7(a)). This phantom included sixty
curved fibers with randomly assigned location, orientation, length, diameter, wave amplitude (i.e.,
curvature), and intensity, where possible values for each metric fell within the ranges used in the
previous phantoms. This phantom was manipulated in particular ways to synthetically mimic
situations which arise in actual images. When acquiring an image stack using confocal or twophoton microscopy, the step size in the z-dimension is typically larger than the distance between
voxels in the x- and y-dimension due to poorer resolution along z. To simulate this effect, the
phantom was downsampled in the z-dimension and analyzed using a non-cubic voxel size
corresponding to the downsampling rate (Fig 5.7(a)). In addition, varying levels of Gaussian noise
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were artificially added to the phantom (Fig 5.7(f)). After noise was added to the phantom, it was
passed through a 3D Gaussian smoothing filter and thresholded based on intensity and object
volume to isolate the fibers in the phantom from the background noise. The parameters for the
gaussian filter and intensity threshold were also varied to determine the effect of fiber segmentation
on algorithm performance. For each scenario, the manipulated phantom was analyzed to determine
fiber orientation and diameter and to identify fiber intersections.
To demonstrate what types of distributions the axial spherical variance values represent,
simpler phantoms containing straight fibers with various degrees of alignment were generated (Fig
5.8(a)). Individual fiber orientations in these phantoms were defined by the weighted average of a
randomly oriented vector and a user-defined orientation vector, where the weights were varied
accordingly for each phantom to produce a range of variances. The phantoms were analyzed using
the fiber analysis algorithm, and the variance was calculated as described.
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A.3 Fitting quasi-linear viscoelastic theory to experimental
stress relaxation data
The quasi-linear viscoelastic theory describes the stress response over time as the
convolution integral of the reduced relaxation function (𝐺(𝑡)) with the instantaneous elastic stress
response (𝜎 𝑒 (𝜀)), as shown in eq. A1.26
𝑡

𝛿𝜎 𝑒 (𝜀) 𝛿𝜀
𝜎(𝑡) = ∫ 𝐺(𝑡 − 𝜏)
𝛿𝜏
𝛿𝜀 𝛿𝜏
−∞

(A.1)

There have been multiple forms of the equations for the elastic stress response and the
reduced relaxation function proposed to fit the model to data from soft tissue. In this study we
adopted the commonly used forms27–29

𝐺(𝑡) =

𝜎 𝑒 (𝜀) = 𝐴(𝑒 𝐵𝜀 − 1)

(A.2)

1 + 𝐶[𝐸1 (𝑡/𝜏2 ) − 𝐸1 (𝑡/𝜏1 )]
1 + 𝐶 ln( 𝜏2 /𝜏1 )

(A.3)

where 𝐸1 is the exponential integral. The material constants 𝐴 and 𝐵 in the instantaneous elastic
stress response describe the magnitude and non-linearity of the loading curve, respectively. In the
reduced relaxation function, the material constant 𝐶 describes the shape of the relaxation curve
while the time constants 𝜏1 and 𝜏2 describe how quickly the tissue relaxes over time.
Using the above forms for the instantaneous elastic response and the reduced relaxation
function, the stress as a function of time during the ramp and the relaxation portion of the stress
relaxation experiment is given in eq. A.4,
𝑡
𝐴𝐵𝛾
𝐸1 [𝑡 − 𝜏] 𝐸1 [𝑡 − 𝜏]
∫ {1 + 𝐶 (
−
)} 𝑒 𝐵𝛾𝜏 𝛿𝜏 , 0 < 𝑡 < 𝑡0
1 + 𝐶 ln(𝜏2 ⁄𝜏1 ) 0
𝜏2
𝜏1

𝜎(𝑡) =

(A.4)
𝑡0
𝐴𝐵𝛾
𝐸1 [𝑡 − 𝜏] 𝐸1 [𝑡 − 𝜏]
∫ {1 + 𝐶 (
−
)} 𝑒 𝐵𝛾𝜏 𝛿𝜏 , 𝑡 ≥ 𝑡0
𝜏2
𝜏1
{ 1 + 𝐶 ln(𝜏2 /𝜏1 ) 0
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where 𝛾 is the strain rate applied from 𝑡 = 0 to 𝑡 = 𝑡0, and 𝑡0 is the time when the target strain is
reached.27
For the purpose of fitting experimental data to the model, both the data and eq. A.4 can be
normalized to the stress at 𝑡 = 𝑡0 .27 This simplifies the model fitting by removing the material
constant 𝐴 from the equation.
𝑡
𝐸 [𝑡 − 𝜏] 𝐸1 [𝑡 − 𝜏]
−
)} 𝑒 𝐵𝛾𝜏 𝛿𝜏
∫0 {1 + 𝐶 ( 1 𝜏
𝜏
2

𝜎(𝑡)
=
𝜎(𝑡0 )

𝑡0
∫0 {1

1

𝐸 [𝑡 − 𝜏] 𝐸1 [𝑡0 − 𝜏]
+𝐶( 1 0
−
)} 𝑒 𝐵𝛾𝜏 𝛿𝜏
𝜏2
𝜏1

, 0 < 𝑡 < 𝑡0
(A.5)

𝑡0
𝐸 [𝑡 − 𝜏] 𝐸1 [𝑡 − 𝜏]
𝐵𝛾𝜏
−
∫0 {1 + 𝐶 ( 1 𝜏
𝜏1 )} 𝑒 𝛿𝜏
2
, 𝑡 ≥ 𝑡0
𝑡0
𝐸1 [𝑡0 − 𝜏] 𝐸1 [𝑡0 − 𝜏]
𝐵𝛾𝜏
−
)} 𝑒 𝛿𝜏
{ ∫0 {1 + 𝐶 (
𝜏2
𝜏1

The experimental data can then be fit to the model by minimizing the sum of squares error
between the experimental data and the model predicted values to determine the material constants
𝐵, 𝐶, 𝜏1 , and 𝜏2 .28 This is shown in eq. A.6,
2

𝑆𝑖 𝜎(𝑡𝑖 )
min ∑ [ −
]
𝐵,𝐶,𝜏1 ,𝜏2
𝑆0 𝜎(𝑡0 )

(A.6)

𝑖

where the experimental data is defined as (𝑡𝑖 , 𝑆𝑖 ), and 𝑆0 is the experimental peak stress. The
minimization was performed with initial guesses for 𝐵, 𝐶, 𝜏1 , and 𝜏2 based on preliminary data,
and the initial guess was multiplied by a random factor between 0.1 and 10 for each fitting.28
However, this approach did not converge to a global minimum for all experimental data;
therefore, a modification to the approach was necessary. For data where the minimization did not
converge, 𝐶 and 𝜏2 were observed to increase in tandem by several orders of magnitude without
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meaningfully changing the goodness of fit. Consequently, the minimization was changed to the
following form:
2

𝑆𝑖 𝜎(𝑡𝑖 )
min {𝐶 ( min ∑ [ −
] )}.
𝜏2
𝐵,𝐶,𝜏1
𝑆0 𝜎(𝑡0 )

(A.7)

𝑖

This approach was implemented by performing the inner minimization using the interior-point
algorithm one hundred times at different fixed 𝜏2 values randomly selected on a logarithmic scale
between 102 and 106, while initial guesses for 𝐵, 𝐶, and 𝜏1 for each iteration were generated as
described above. The experimental data was downsampled to increase the speed of the interiorpoint algorithm. Out of those one hundred potential fits, the final fit was selected such that the
product of 𝐶 and the sum of squares error was minimized. This modified approach converged to a
global minimum with a good fit to the experimental data for all samples.
After the values for 𝐵, 𝐶, 𝜏1 , and 𝜏2 were determined using eq. A.7, the material constant
𝐴 was calculated as follows:
𝐴 = 𝜎(𝑡0 )

1 + 𝐶 ln(𝜏2 ⁄𝜏1 )
.
𝑡0
𝐸1 [𝑡0 − 𝜏] 𝐸1 [𝑡0 − 𝜏]
𝐵𝛾𝜏
𝐵𝛾 ∫0 {1 + 𝐶 (
−
)} 𝑒 𝛿𝜏
𝜏2
𝜏1
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(A.8)

Figure B1. Data and statistical analysis of baseline mechanical data across species and tendon types. Connecting lines between groups show
significant differences in post-hoc testing (p<0.1).

A.4 Comparison of baseline mechanical properties across
tendon type and species
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A.5 Characterization of ScxCre;Elnf/f mice compared to Elnf/f
controls

Figure A.4. Representative longitudinal images of autofluorescent elastin signal in Achilles tendons (ATs) from (a)
Elnf/f mice and (b) ScxCre;Elnf/f mice. Distinct elastic fibers are visible in Elnf/f controls but are absent in ScxCre;Elnf/f
tendons, although the reason for this effect is unclear given the lack of a change in elastin expression, protein content,
and nanostructure between genotypes. Images shown are maximum intensity projections over a depth of 100 µm.
Images were also acquired from tibialis anterior tendons (TBATs) with similar results.

Figure A.5. Elastin expression, measured by quantitative
polymerase chain reaction, was not meaningfully
affected by genotype in ATs, while the esophagus has an
80% decrease in expression.

Figure A.6. Elastin protein content, measured by a
competitive enzyme-linked immunosorbent assay for
desmosine, was not meaningfully affected by genotype
ATs or TBATs.
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Figure A.7. Representative (a, b) transverse and (c, d) longitudinal transmission electron micrographs from ATs from
(a, c) Elnf/f mice and (b, d) ScxCre;Elnf/f mice. Elastin was observed in tendons from both genotypes with no
differences in elastic fiber structure. Images were also acquired from TBATs with similar results.
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